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1.0 SDPPUBP 

This  r e p o r t  d e s c r i b e s  t h e  r e s u l t s  of Tasks 1 and 2 o f  c o n t r a c t  NAS23722 
t o  cont inue  t h e  f u r t h e r  development of  two h igh  temperature  r e s i s t i v e  s t r a i n  
gage a l l o y  candida tes .  
were: Fe-10.6Cr-11.9Al and Pd-13Cr. These a l l o y s  were t o  be capable  of use  
as s t a t i c  s t r a i n  gages on gas tu rb ine  blades o r  vanes i n s i d e  gas  t u r b i n e  test 
s t and  engines  a t  temperatures  up t o  1250 K. 
l i f e t i m e s  o f  a t  least  50 hours  a t  maximum s t r a i n  l e v e l s  o f  f 2,000 m i c r o s t r a i n  
wi th  e r r o r s  of  no more than 5 10 percent  of f u l l  s ca l e .  
t o  measure no more than  3 mm on a s i d e  for use  on smaller a i r f o i l s ,  wi th  t o t a l  
gage th i cknesses  not  t o  exceed 0.5 nun for  a wi re  gage o r  0.2 mm f o r  a f o i l  
type  s t r a i n  gage. 

The compositions of t h e s e  two  a l l o y s  i n  weight percent  

The s t r a i n  gages were t o  have 

The f i n a l  gages were 

Twenty-seven samples of  d i f f e r e n t  FeCrAl a l l o y s  were examined t o  d e t e r -  
mine v a r i o u s  p r o p e r t i e s .  
rods  a f t e r  a r c - m e l t i n g  on a co ld  h e a r t h .  Weight l o s s  experiments t o  measure 
t h e  e f f e c t s  of  add i t ions  of  Hf, Z r ,  Y ,  Co, N i ,  and Sc on t h e  ox ida t ion  resis- 
tance  of  an a l l o y  of  nominal composition Fe-10.6Cr-11.9Al i n  weight percent  
d i d  not  r e s u l t  i n  s i g n i f i c a n t  improvements i n  r e s i s t a n c e  t o  ox ida t ion  a t  
1250 K. 
a i r  a t  1250 K r e s u l t s  i n  a slow s h i f t  of t he  r e s i s t i v i t y  ve r sus  temperature 
curve toward h ighe r  va lues  of r e s i s t a n c e  a t  h ighe r  temperatures .  P r imar i ly  
because t h e  most important proper ty  of the f i n a l  a l l o y  developed must be 
s t a b i l i t y  and r e p e a t a b i l i t y ,  i t  was decided t o  d i scon t inue  f u r t h e r  work on 
t h i s  a l l o y  sys t em and t o  concen t r a t e  f u r t h e r  e f f o r t s  on t h e  Pd-13 weight 
percent  C r  a l l o y .  

Most of t hese  samples were prepared as drop c a s t  

Other experiments with t h i s  a l l o y  revea led  t h a t  cont inued exposure t o  

Seventy a rc-cas t  samples and s i x t e e n  s p u t t e r e d  samples o f  PdCr a l l o y s  
were prepared and examined. These a l l o y s  form an adherent ,  s e l f - p r o t e c t i v e  
s c a l e  o f  C r 2 0 3  which resists a d d i t i o n a l  ox ida t ion  of t h e  remaining C r  which 
s t a y s  i n  complete s o l i d  s o l u t i o n  over  the  f u l l  temperature  range of  i n t e r e s t .  
Metal lographic  examinations were conducted and e s t ima tes  made o f  t h e  s o l u b i l i -  
t i e s  of  Er, Co, T a ,  Gd, L a ,  R e ,  Y ,  Mo, and W i n  a l l o y s  of  nominal composition 
Pd-13 weight percent  C r .  
wi th  va r ious  add i t ions  of t hese  elements f a i l e d  t o  r evea l  any a l l o y s  with 
improved r e s i s t a n c e s  t o  ox ida t ion ,  so t ha t  t h e  composition of t h e  optimum 
s t r a i n  gage a l l o y  remained t h e  same a s  o r i g i n a l l y  developed, Pt-13 weight 
percent  C r .  

Measurements of t h e  change i n  t h e  weight of  a l l o y s  

The y i e l d  s t r e n g t h  and s t r a i n  t o  f a i l u r e  of  t h e  well-annealed a l l o y  
v a r i e d  from 123 MPa and 26.9% a t  room temperature t o  8.5 MPa and 14.5% a t  
1250 K i n  a i r .  This  
f a c t o r  appeared t o  vary  with s t r a i n  a f t e r  p l a s t i c  y i e l d i n g  but  t h i s  may have 
been because t h e  commercial s t r a i n  gage being used w a s  s i m i l a r  i n  s i z e  t o  t h e  
g r a i n s  present  i n  t h e  t es t  material. 

This  a l l o y  had a room temperature gage f a c t o r  o f  1.78. 
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Although the  s t a b i l i t y  of  e l e c t r i c a l  r e s i s t a n c e  of  t h i s  a l l o y  a t  1250 K 
i n  a i r  was good when t h e  material  was i n  bulk  form, o x i d a t i o n  s t u d i e s  of 
splat-cooled f o i l s  i nd ica t ed  t h a t  t h e  amount of d r i f t  i n  e l e c t r i c a l  r e s i s t a n c e  
a t  1250 K i s  s t rong ly  inf luenced  by t h e  su r face  t o  volume r a t i o  and any 
f a i l u r e s  in  t h e  oxide s c a l e .  The t o t a l  apparent  s t r a i n  d r i f t  of a 6 h 
(micrometer) t h i c k  spu t t e red  f i l m  of  t h i s  a l l o y  over  a 50 hour  per iod  i n  a i r  
a t  1250 Kwas about 12,000 Ps t r a in .  Unsuccessful a t tempts  were made t o  
prevent  ox ida t ion  a t t a c k  of t h e s e  very  t h i n  s p u t t e r e d  f i lms  by apply ing  
s p u t t e r e d  overcoa ts  of A 1  which were subsequent ly  oxid ized  t o  form A1203.  New 
impervious overcoa ts  w i l l  need t o  be developed i n  subsequent t a s k s  i n  o r d e r  t o  
proceed with t h e  complete development o f  u s e f u l  s t r a i n  gage systems. 
a d d i t i o n ,  a dua l  element,  thermal ly  compensated gage des ign  w i l l  a l s o  need t o  
be  developed because of t h e  r e l a t i v e l y  h igh  thermal s e n s i t i v i t y  of  t h e  resis- 
tance  of  t h i s  a l l o y .  

I n  



! 

Continued advances in the development of more efficient and higher 
specific thrust gas turbine engines depend upon the utilization of improved 
designs and materials. 
and advances in fluid mechanics, thermal analysis, aerodynamics and aero- 
mechanic modeling means that detailed analysis and estimations can be made of 
the conditions inside operating gas turbine engines. The use of these 
calculations and models to develop improved designs requires accurate, 
specific experimental data about the behavior of engine parts during operation 
in order to establish their validity. 
points is one of the most significant and yet difficult kinds of real time 
data required for these purposes. 

The continued development of sophisticated computers 

The local strain behavior at various 

I 

I 

The purpose of this program is to develop a new resistive strain gage 
alloy and a complete measurement system which can operate inside gas turbines 
running on test stands. The specific program goals are to develop a c t - i t i c  
gage system capable of at least 50 hours of operation at temperatures up to 
1250 K (1800°F) on a vane or rotating gas turbine blade. The surface dimen- 
sions of the gage are limited to 3 mm x 3mm. 
airfoil must be less than 0.2 mm for a foil gage and 0.5 mm for a wire gage. 
The desired maximum strain capability is 2 2,000 Ustrain (.2 percent strain) 
at 1250 K and f 3,000 ustrain at 1100 K with an inaccuracy of no more than * 
10% of the full scale reading. 
effort, the HOST Program, to develop improved HOT Section Technology for gas 
turbine engines. 

The maximum height above the 

This program is part of a much larger NASA 

Dynamic strain gages have been developed which, although they do not meet 
the above size restrictions, can operate up to 1250 K inside a gas turbine 
engine. 
because the intent is only to compare the maximum and minimum strains created 
almost instantaneously by vibratory stresses. 
required to operate accurately over long periods of time at various tempera- 
tures without significant drift or error. 
are the Ni-Cr alloys and variations of FeCrAl alloys which are all sensitive 
to the rates of heating and cooling at lower temperatures. 
calibration, a FeCrAl alloy has been used to make static strain measurements 
to approximately 980 K (Ref. 1). 

The measurement of strain is greatly simplified in the dynamic case 

Static strain gages are 

The best alloys currently available 

With very careful 

The fact that the resistances of these alloys show nonlinear behavior 
with temperature is an indication that internal microstructural changes are 
taking place. It is believed that these effects are caused by various types 
of ordering reactions. Although these changes are relatively rapid, they 
still have time dependent features, which explains why the resistance versus 
time curves of these materials vary with the rates of heating and cooling. 

3 



The d i r e c t i o n s  of t h e s e  n o n l i n e a r i t i e s  a r e  t o  make t h e  r e s i s t a n c e s  o f  t h e s e  
m a t e r i a l s  r e l a t i v e l y  i n s e n s i t i v e  t o  temperature  change. This  i s  important  t o  
our  a p p l i c a t i o n  because t h e  tempera tures  of  m a t e r i a l s  i n s i d e  j e t  eng ines  a r e  
not wel l  known. Current  e s t i m a t e s  of t y p i c a l  e r r o r s  a r e  about 10 K. E r r o r s  
i n  temperature  t r a n s l a t e  d i r e c t l y  i n t o  u n c e r t a i n t i e s  i n  t h e  c o r r e c t  v a l u e  o f  
s t r a i n .  
s enso r  a l l o y ,  t h e  g r e a t e r  w i l l  be t h e  e r r o r  i n  s t r a i n  which resu l t s  from o u r  
i n a b i l i t y  t o  make accu ra t e  measurements of  t h e  temperature .  

The l a r g e r  t h e  va lue  of t h e  thermal  c o e f f i c i e n t  of  r e s i s t i v i t y  of t h e  

In a d d i t i o n  t o  m e t a l l u r g i c a l  and chemical s t a b i l i t y ,  e s p e c i a l l y  wi th  
r e s p e c t  t o  ox ida t ion ,  an important  p rope r ty  of  t h e  r e s i s t i v e  senso r  a l l o y  i s  
t h a t  i t  have a low va lue  of a lpha ,  t h e  thermal  c o e f f i c i e n t  of r e s i s t a n c e .  
Although pure me ta l s ,  e s p e c i a l l y  p rec ious  m e t a l s ,  can  b e  v e r y  s t a b l e  and 
i n e r t ,  they a l l  have h igh  va lues  of a lpha.  We must t h e r e f o r e  examine t h e  
p o t e n t i a l  of metal  a l l o y s  t o  f i n d  u s a b l e  s t r a i n  s e n s i t i v e  r e s i s t o r s .  This  
s ea rch  was t h e  sub jec t  of a p r i o r  c o n t r a c t  e f f o r t  (Refs .  2-4). It was 
concluded i n  those  e f f o r t s  t h a t  a t t e n t i o n  should c o n c e n t r a t e  on phase pure  
a l l o y s .  The r e l a t i v e  s o l u b i l i t i e s  of phases i n  each o t h e r  w i l l  change wi th  
temperature  and wi th  t ime a t  t empera ture ,  so t h a t  s e r i o u s  problems wi th  e l e c -  
t r i c a l  d r i f t  can be expected i n  mul t iphase  systems. The problem reduces t o  
f ind ing  chemical ly  i n e r t  a l l o y s ,  p a r t i c u l a r l y  w i t h  r e s p e c t  t o  o x i d a t i o n ,  which 
have high concen t r a t ions  of o t h e r  e lements  which w i l l  remain i n  complete s o l i d  
s o l u t i o n  over  t h e  f u l l  range of  tempera tures  t o  be encountered.  

Two a l l o y s  were s e l e c t e d  a s  t h e  r e s u l t  of t h e  p r i o r  e f f o r t  r e f e renced  

The primary s u b j e c t  of t h i s  r e p o r t  is  
above: Palladium con ta in ing  13 weight pe rcen t  C r  and t h e  FeCrAl a l l o y ,  Fe- 
10.6Cr-11.9Cr, a l s o  i n  weight percent .  
t o  desc r ibe  t h e  f u r t h e r  e f f o r t s  made t o  more f u l l y  opt imize  and c h a r a c t e r i z e  
t h e s e  a l l o y s  and t o  s tudy how they could be f a b r i c a t e d  i n t o  r e s i s t i v e  s t r a i n  
sensors .  
a l a r g e r  c o n t r a c t  program i n  which a complete s t r a i n  gage system using t h e  
new, higher  temperature  a l l o y  w i l l  be f a b r i c a t e d  and eva lua ted .  

This  r e p o r t  i s  a p rogres s  r e p o r t  on t h e  a l l o y  development phases of  

This program was conducted a s  a j o i n t  e f f o r t  by t h e  Research Center and 
t h e  P r a t t  and Whitney A i r c r a f t  D iv i s ion .  
I n v e s t i g a t o r  a t  P r a t t  and Whitney wi th  John Przybyszewski t o  complete t h e i r  
p a r t  of t h e  program. 

Howard Grant se rved  a s  t h e  P r i n c i p a l  
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3.0 APPROACE 

The approach used in Tasks 1 and 2 of this program was to continue using 

21, to develop a static strain gage alloy which would be useful to 1250 
the ideas and experimental procedures developed in the previous contract, 
(Ref. 
K. 
tions of the two alloys developed in the above contract: 

Task 1 consisted of an iterative program to further modify the composi- 

Pd - 13% Cr 
Fe - 1.06% Cr - 11.9% Al, 

where the percentages are in weight percent. These samples were to be studied 
with the dual objectives of improving their resistances to oxidation and also 
lowering their thermal coefficients of resistance without adversely affecting 
the repeatability of the thermal coefficient of resistance. 
modifications were to be prepared by arc melting and drop casting into fused 
silica tubes to produce sample rods for further evaluations, as before. 

The new alloy 

Improvements in the resistance to oxidation from additions of various 
alloying elements to a series of cast rods were to be evaluated by making 
measurements of their relative changes in weight and by measuring the depths 
of alloy composition variation under oxide surface films after long term 
exposures to air at 1250 K. It was subsequently realized that this was a 
relatively coarse measurement approach for our purposes. Measurement of 
electrical resistance is a more sensitive and direct technique for this evalu- 
ation as became apparent during the subsequent thermal cycling and electrical 
resistance drift testing portions of the program. 

Measurements of the thermal coefficient of resistance (alpha), reproduci- 
bility of resistance, and stability with time were made using an electrical 
resistance measuring facility developed during the previous contract. 
sensitivities to thermal rate effects were similarly evaluated by heating and 
cooling at 50 and 250 K/min. Final evaluations of the stability of resistiv- 
ity with time of the best alloys were evaluated by 50 hour drift experiments 
in air at constant temperatures of 1100 and 1250 K. 

The 

Additional measurements were also to be made to determine the sensitivi- 
ties of the best PdCr and FeCrAl alloys to changes in composition. The inten- 
tion was to evaluate to what degree the composition had to be controlled in 
order to obtain the optimum properties. The final effort in Task 1 was to 
determine a number of other properties of the best alloys. These properties 
were to include composition, stress-strain characteristics over the tempera- 
ture range of interest, the coefficient of thermal expansion and the strain 
gage factor at room temperature. 

5 



Task 2 was primarily concerned with an examination of gage fabrication 
techniques. 
successful development experience and because it could also be used to form a 
high quality, well-bonded electrically insulating subcoating between the 
sensor and the substrate. 

Sputtering was the main technique to be examined because of prior 

The original plan to examine the behavior of the sputtered alloy on a 
dense alumina substrate was changed to an examination of the sputtered alloy 
on a Hastelloy X substrate with a sputtered insulation layer of aluminum oxide 
in between. This change was made to better duplicate the conditions present 
in an actual installation, especially as regards the strains resulting from 
differential thermal expansion forces which would necessarily be present. 
Each sample was to be examined for proper composition, uniformity of composi- 
tion, and oxidation resistance (50 hours in air at 1250 K). The repeatibility 
of both resistivity and the thermal coefficient of resistance over the temper- 
ature range from 300 to 1250 K was to be evaluated both before and after 
oxidation testing. The oxidation resistance and the stability of resistance 
with time (50 hours at 1250 K) were also to be determined. At the conclusion 
of these tests, UTRC was to recommend the best method of fabrication for each 
type of alloy. 

The approach used in the selection of alloying elements for improved 
oxidation was to draw upon corporate knowledge and the experience of others. 
Minor alloying additions were made which had been shown (Refs. 5-7) to signif- 
icantly improve the oxidation behavior of nickel-base superalloys. The oxida- 
tion resistances of these materials depend primarily upon the formation of 
coatings of Cr203 and A1203, which are isomorphous with each other. 

The alloying guide line from the prior program that all alloying elements 
must be in complete solid solution over the entire temperature range of use 
was continued in this program. 
present in the final alloy, it would be expected that their solubilities, and 
therefore the concentration of solute electron scattering centers, would vary 
with temperature and time-temperature history which would result in an 
unstable, nonreproducible resistor alloy. 

If any second phases were permitted to be 
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4.0 EXPERIMENTAL PROCEDURE 

4.1 Sample Preparation 

Arc-mel t ing  on a water-cooled, co ld  copper h e a r t h  was s e l e c t e d  as t h e  
b e s t  method f o r  prepar ing  contaminat ion free a l l o y  samples. 
been developed and used i n  t h e  p r i o r  NASA c o n t r a c t .  
t r o d e  melter wi th  tungs ten  e l e c t r o d e s  was  used wi th  an atmosphere of g e t t e r e d  
argon over  t h e  sample. 
through t h e  mel t ing  chamber, as measured by an oxygen ana lyzer  incorpora ted  i n  
t h e  t i t a n i u m  g e t t e r i n g  s y s t e m  , was t y p i c a l l y  less than  ppm. 

This  approach had 
A commercial t h r e e  e l e c -  

* 

The oxygen content of t h e  argon a f t e r  i t  had passed 

w 

The i n i t i a l  e lemental  components a l l  had p u r i t i e s  of  a t  least  99.9 weight 
percent .  I n  t h e  case  of  palladium, t h e  i n i t i a l  material was f i n e l y  d iv ided  
sponge so t h a t  some material could have been l o s t  dur ing  t h e  i n i t i a l  con tac t  
wi th  t h e  a r c .  This  material w a s  p a r t i a l l y  premelted t o  ensure  t h a t  t h e  ba tch  
composition would agree  wi th  t h e  d e s i r e d  composition of  t h e  f i n a l  a l l o y .  The 
a l l o y  bu t tons  were t y p i c a l l y  turned over  and remelted t h r e e  t i m e s  t o  i n su re  
uniform mixing. 

In  o rde r  t o  prepare tes t  samples as round rods  by drop c a s t i n g ,  t h e  f l a t  
water-cooled copper hea r th  i n  t h e  a r c  mel ter  w a s  rep laced  by another  h e a r t h  
wi th  a v e r t i c a l ,  cen tered  ho le  as shown i n  F igure  4.1.1. The a l l o y  bu t ton ,  
wi th  t h e  bottom sur face  pol i shed  f l a t ,  was placed over  t h e  ho le  and melted 
again.  
h e a r t h  melted,  t he  small  argon over-pressure i n  t h e  mel t ing  chamber became 
s u f f i c i e n t  t o  blow the  m e l t  i n t o  t h e  ho le  where i t  immediately s o l i d i f i e d  a s  a 
rod. 
t h e  su r face  of t he  h e a r t h  and rece ived  the melted metal. Because of  t h e  
smoothness of t h e  i n s i d e  su r faces  of t h e  fused s i l i c a  tubes  and i t s  low 
c o e f f i c i e n t  of thermal expansion, t he  t e s t  samples normally s l i d  f r e e l y  out  o f  
t h e  s i l i c a  tubes .  Typica l ly  c a s t  samples were from 8 t o  18 cm long and 0.200 
cm i n  diameter .  

When t h e  bottom of t h e  bu t ton  which was a g a i n s t  t h e  water-cooled 

The c a s t i n g  ho le  contained a fused s i l i c a  tube  which s t a r t e d  j u s t  below 

Samples o f  PdCr f o r  meta l lographic  examinations of  t h e  s o l u b i l i t i e s  o f  
v a r i o u s  elements  were prepared as a r c  melted bu t tons .  
about 10 grams and t y p i c a l l y  were remelted t h r e e  t i m e s .  These bu t tons  were 
subsequent ly  s t a b i l i z e d  and homogenized by soaking f o r  3 h r s  a t  1470 K, cooled 
t o  1270 K i n  about 1 hour ,  and then slow cooled t o  770 K a t  about 25 K / H r  i n  
tank  argon ( t y p i c a l l y  1 t o  2 ppm oxygen). During t h e s e  hea t  t rea tments ,  t h e  
samples were h e l d  i n s i d e  i n d i v i d u a l  pure alumina tubes  which were wrapped wi th  
tantalum f o i l s  t o  g e t t e r  any t r a c e s  of  oxygen or water vapor which might have 
been p resen t .  

These normally weighed 

*,** 
Centor r  Assoc ia tes ,  Suncook, N.H. 
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Samples f o r  ox ida t ion  tes t s  on FeCrAl and PdCr a l l o y s  were prepared as 
rods  by drop c a s t i n g  i n s i d e  fused s i l i c a  tubes .  Af t e r  c a s t i n g ,  t he  FeCrAl 
rods  were soaked f o r  24 h r s  a t  1570 K i n  argon i n  o r d e r  t o  homogenize t h e  
micros t ruc ture .  
a t  1470 K. During these  t rea tments ,  both types  of samples were he ld  i n s i d e  
ind iv idua l  alumina tubes  which were wrapped i n  tantalum f o i l s .  Af te r  t hese  
hea t  t rea tments ,  t he  samples were a l l  l i g h t l y  pol i shed  us ing  600 g r i t  paper 
and r insed  i n  a l coho l .  The PdCr sample f o r  thermal expansion t e s t i n g  w a s  
prepared i n  t h e  same manner a s  descr ibed  above except  t h a t  a f t e r  h e a t  treat-  
ment i t  was c u t  t o  2.5 cm i n  length  wi th  squared ends.  

Before t e s t i n g ,  t h e  PdCr rods  were soaked f o r  2 h r s  i n  argon 

Samples f o r  r e s i s t a n c e  measurements were prepared from drop c a s t  r o d s  
which were subsequent ly  reduced by g r ind ing  and po l i sh ing  t o  t h i n  s t r i p s .  
s p e c i a l  hardened s tee l  p l a t e  con ta in ing  f l a t  bottomed s l o t s  o f  d i f f e r e n t  
depths  was prepared i n  o r d e r  t o  accomplish t h i s  t a s k .  The rods  were cemented 
i n t o  one of t h e s e  s l o t s  wi th  a thermal wax (bee ' s  wax p lus  r o s i n )  and then t h e  
p l a t e  w a s  manually he ld  on a po l i sh ing  wheel u n t i l  a l l  of  t he  material  which 
protruded above t h e  s l o t  w a s  removed i n  a uniform fash ion .  I n  o r d e r  t o  avoid 
t h e  presence of any of t h e  small  shr inkage voids  which were sometimes p resen t  
a t  t h e  cen te r s  of  t h e  rods ,  t he  sample s t r i p  was normally taken  s l i g h t l y  o f f  
c e n t e r  from t h e  c e n t e r  of t h e  o r i g i n a l  c a s t  rod. Typica l  f i n a l  dimensions 
were .056 x .20 cm i n  c ross -sec t ion  and 11.5 cm i n  l eng th .  

A 

Samples f o r  t e n s i l e  t e s t i n g  were prepared by clamping and waxing t h e  c a s t  
c y l i n d r i c a l  rods on a f l a t  p l a t e  and m i l l i n g  away a reduced s e c t i o n  i n  t h e  
c e n t e r  t h i r d  of t h e  sample rod.  I n  o rde r  t o  prepare  a symmetrical sample, t h e  
rod had t o  be turned over ,  recemented, and mi l l ed  aga in  i n  o rde r  t o  form an 
approximately centered  gage s e c t i o n ,  t y p i c a l l y  0.056 cm t h i c k  and as wide as 
t h e  o r i g i n a l  diameter of  t he  c a s t  rod. Before t e s t i n g ,  t h e s e  samples  were 
hea ted  for  2 hours  i n  argon a t  1470 K t o  homogenize t h e i r  chemical composition 
and t o  produce an annealed sample with a s t a b l e  g r a i n  s t r u c t u r e .  For these  
t rea tments ,  t h e  samples were he ld  i n s i d e  small  alumina tubes  which were 
wrapped in  tantalum f o i l s  i n  o rde r  t o  g e t t e r  away any oxygen o r  water  vapor 
which m i g h t  have been p resen t .  

Samples f o r  measurements o f  t h e  e l e c t r i c a l  r e s i s t a n c e  p r o p e r t i e s  o f  
FeCrAl and PdCr a l l o y s  were a l s o  prepared by s p l a t  cool ing.  I n  t h i s  tech- 
n ique ,  the flat-bottomed copper plunger  shown i n  Fig.  4.1.1 w a s  dropped down 
through t h e  c e n t e r  of t h e  t h r e e  a r c s ,  caus ing  t h e  molten a l l o y  bu t ton  t o  be 
suddenly quenched i n t o  a t h i n  f l a t  d i s k .  The bottom f l a t  a n v i l  o r  h e a r t h  was 
subsequent ly  modified t o  con ta in  a centered  2'.22 cm depress ion  0.010 cm deep. 
An a d d i t i o n a l  dep res s ion  0.419 cm i n  diameter  and 0.050 cm deep w a s  a l s o  added 
a t  t h e  cen te r  of  t h e  f i r s t  depression.  The smaller c e n t e r  depress ion  ac ted  as 
a c o l l e c t o r  of any s c a l e  on the  molten b u t t o n  and helped t o  keep the  molten 
b u t t o n  centered under t h e  a n v i l .  



The m e l t  bu t tons  used i n  t h e  f a b r i c a t i o n  of s p l a t  coo l ing  f i lms  t y p i c a l l y  
weighed .5 t o  .7 gm. These were c u t  from l a r g e r  t r i p l e - m e l t e d  bu t tons  which 
normally weighed about 15 gms. The r e s u l t i n g  f i lms  were approximately .010 t o  
.015 cm t h i c k  and 2.5 c m  i n  diameter with a i r r e g u l a r  o u t l i n e .  
0.28 cm wide were c u t  as c l o s e  t o  t h e  cen te r  of t h e  d i s k  as p o s s i b l e  and s t i l l  
avoid t h e  t h i c k e r  c e n t e r  caused by t h e  c e n t r a l  dep res s ion  i n  t h e  h e a r t h .  
These s t r i p s  were then mounted on g l a s s  s l i d e s  and thinned by mechanical 
p o l i s h i n g  down t o  .008 cm. 
600 g r i t  paper.  
been thinned down t o  .05 mm (50 Mu). This sample w a s  e l ec t ro -d i scha rge  
machined (EDM) with a s p e c i a l  t o o l  so  t h a t  t h e r e  would be a s e c t i o n  of reduced 
width i n  t h e  middle of t es t  s e c t i o n  of the sample. The end t a b s  were .5 cm 
wide while  t h e  reduced s e c t i o n ,  which was about .70 cm long, w a s  only .30 cm 
wide. 

Sample s t r i p s  

Both s u r f a c e s  were mechanically po l i shed  through 
I n  a d d i t i o n  t e s t i n g ,  another sample w a s  prepared which had 

Test f i lms  of approximately Pd-13 weight percent  C r  were a l s o  prepared by 
t h e  s p u t t e r i n g  technique a t  P r a t t  and Whitney Divis ion,  East  Har t fo rd ,  C t .  
These f i l m s  were deposi ted on Hastelloy-X s u b s t r a t e s  which were .178 cm t h i c k  
and e i t h e r  1.5 x 1.9 cm o r  1.9 x 8.0 cm i n  s u r f a c e  dimensions. P r i o r  t o  t h i s  
d e p o s i t i o n ,  t h e  s u r f a c e s  of t he  s u b s t r a t e  were coated with a “ d u c t i l e ”  l a y e r  
of NiCoCrAlY which was subsequen t i a l ly  oxidized and then  coated with an 
a d d i t i o n a l  s p u t t e r e d  alumina i n s u l a t i o n  l aye r  u s ing  procedures developed on a 
previous c o n t r a c t  ( r e f .  8) .  Before the  alumina l a y e r  w a s  grown, t h e  su r face  
of t h e  s u b s t r a t e  was pol ished down t o  about a 3-5 Pin f i n i s h .  The f i n a l  grown 
alumina i n s u l a t i o n  l a y e r  was approximately 1.5 hn t h i c k  and covered by a 
s p u t t e r e d  alumina l a y e r  which w a s  a l s o  about 1.5 Mu t h i c k .  

Rectangular test patches were spu t t e red  on t h e  smaller s i z e  s u b s t r a t e s  
and a r e s i s t o r  g r i d  p a t t e r n  s u i t a b l e  f o r  t e s t i n g  i n  the thermally c y c l i n g  r i g  
a t  t h e  Research Center was s p u t t e r e d  on the l a r g e r  s u b s t r a t e s .  The dimensions 
o f  t h e  commercially prepared masks used to  prepare t h e  photo-etched r e s i s t o r  
p a t t e r n  are shown i n  f i g u r e  4.1.2. A commercial s p u t t e r i n g  u n i t  w a s  used t o  
prepare t h e s e  f i lms  with t a r g e t  t o  sample d i s t a n c e s  o f  from 6 t o  9 cm and 900 
t o  1100 v o l t s .  The t a r g e t  o f  nominal composition Pd-14 weight percent  C r  was 
15.2 cm i n  diameter and 0.20 cm t h i c k .  An a d d i t i o n a l  1 percent  of C r  was 
added t o  t h e  t a r g e t  composition i n  an attempt t o  compensate f o r  C r  which might 
be l o s t  by o x i d a t i o n  of t h e  s p u t t e r e d  film. 
prepared by ho t  p r e s s i n g  p rea l loyed  powders. 

The t a r g e t  w a s  commercially 

4.2 Measurements of Electrical Resistance 

E l e c t r i c a l  r e s i s t a n c e  measurements were made us ing  a r e s i s t i v e l y  hea ted  

This f a c i l i t y  was a l l  contained i n s i d e  a 
tube  furnace developed during a p r i o r  con t r ac t  ( r e f .  2) .  A diagram of t h i s  
f a c i l i t y  i s  shown i n  f i g u r e  4.2.1. 
l a r g e  P l e x i g l a s  box which could be purged with argon t o  reduce o x i d a t i o n  of 
t h e  sample. 

9 



The 2.5 cm I . D .  Inconel heater tube shown in figure 4.2.1 had a total 
length of approximately 30 cm and was split in half lengthwise to facilitate 
sample installation. 
electrodes which could provide up to 900 Amps. of AC power. The electrode at 
one end of the furnace was supported by a ball bearing system which prevented 
mechanical loads from being applied to the tube as it expanded and contracted 
thermally during use. 
controller and programmer . The programmer was adjusted to provide for 
constant temperature soaks at elevated temperatures and/or linear heating and 
cooling cycles at 50 and 250 K/min. 

The ends of the heater tube were clamped in water-cooled 

Power to the furnace was controlled by a commercial * ** 

Alloy sample strips were normally about 7 cm long and had pieces of other 
sample strips spot welded to each end to form a final sample which was about 
20 cm long. 
temperature gradients in the sample during high speed heating and cooling 
experiments. At 250 K/min, the (maximum) temperature difference between the 
center and one of the spot welded platinum electrical measurement contacts was 
8 K. 
differences measured between one end and the center of the sample did not 
exceed 1.5 K. 

The additional length was added to.minimize the presence of 

During isothermal drift experiments at 1250 K the maximum temperature 

A set of B-1900 superalloy clamping bars which extended 5 cm into each 
end of the furnace provided good electrical contacts and physical support of 
the sample. Forcing these two parallel clamping bars together until they 
touched at their center using a bolt located just outside of the furnace 
created a clamping force on the end of the sample of at least 100 Newtons over 
the range of temperatures from ambient to 1250 K, without at any temperature 
exceedding the yield point of the B-1900. The set of clamping bars at one end 
of the furnace was supported on alumina rollers to both provide electrical 
insulation from ground and to avoid applying any appreciable stresses to the 
samples due to their thermal expansions and contractions which might influence 
the values the resistances measured. 

The four-point measurement technique was used to measure the electrical 
resistance of the samples. 
across the sample were normally 3.8  cm apart and symmetrically located in the 
middle of the furnace. The two .05 mm diameter platinum lead wires were spot 
welded directly to the sample. 

The two probes which measured the voltage drop 

The temperature of the sample was measured by a .125 mm Pt-PtlO percent 
Rh thermocouple whose bead (junction) was spot welded to the sample at the 
center of the furance. The Pt-PtlO percent Rh thermocouple that was used to 
control the furnace was wired to the sample so that the bead pressed against 
the sample at the center of the furnace. 

* 
** Model 63911 Process Controller, Research Incorp., Minneapolis, Minn. 73211 Data Track Programmer 



In order to improve the linearity of furnace control at low temperatures, 
a muffle made of stainless steel sheet stock was added around the outside of 
the heater tube. At low temperatures, this was automatically purged with 
flowing argon to cool the furnace components down fast enough so that proper 
furnace control could be secured by applying power to the furnace. 
fibrous ceramic insulation was also wired around the outside of this muffle. 
This extra insulation allowed the furnace system to maintain a linear rate of 
heating at 250 K/min up to within 20 K of the top temperature of interest, 
1250 K. The added muffle and the extra insulation are not shown in figure 
4.2.1. 

A layer of 

* A computer , programmable voltmeter and power supply, and a scanner were 
used to measure the resistance data and to record it on a floppy disk. The 
standard accuracy of the voltmeter was 20 PV/V (.002% error) which could be 
further improved to 4W/V (.0004% error) by averaging at least five separate 
readings. A set of measurements was triggered by a sample thermocouple EMF 
change equivalent to about f 75 K or, if this did not occur, by the passage of 
ten minutes (drift testing). The following sequence of measurements were made 
by the computer in order to determine one electrical resistance data point. 

1. Measure sample temperature 
2 .  Voltage across the sample 
3 .  Voltage across precision resistor 
4. Repeat reading 2 and 3 for a total of five readings each 
5. Measure sample temperature 
6 .  Repeat readings 2 and 3 with power off for a total of five readings 

each 

Allowing slightly more than the time necessary for voltage "settling" after 
each reading, a full set of the 12 measurements with the power on required 
about 2.3  seconds to complete. 

Using average values froin repeated measurements of the same type 
permitted the determination of the values of a number of variables at the same 
instant of time and tended to reduce the "noise" in the data. Measurements of 
the voltage drop across the precision resistor in series with the sample 
were used to accurately determine the current through the sample. This preci- 
sion resistor was separately mounted on a water-cooled plate away from the 
furnace. 

** 

Voltage measurements with no power through the sample were used to reduce 
any influence on the data of thermocouple effects due to the use of wires with 
different compositions in the measurement circuit. Typical currents and 
voltages through and across the sample were .1 to .3 volts and 2.0 Amps. Room 
temperature experiments established that, at this current level, there were no 

* 
** 
Model 9826, Hewlett Packard 
Model RH-50, Dale Electronics, Columbus, NE 
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effects on the resistance measurements due to sample heating. 
mable power supply only put current through the sample when a set of measure- 
ments was being made. 
system was estimated to be f 8 P n l Q  excluding any error due to temperature 
gradients in the sample. 
perature deviated from the measured midpoint temperature by a maximum of 4 K, 
this effect could give rise to an error of 680 lJn/n for Pd-13Cr. During 
isothermal testing, the gradients in the sample were greatly reduced and 
remained fairly constant throughout the test resulting in a possible error in 
apparent drift of f 20 Pn/n. 

The program- 

The accuracy of the overall resistance measurement 

Since during heating at 250 K/min the average tem- 

4.3 Stress-Strain 8nd Other Properties 

Tensile stress-strain curves of drop cast rods were determined up to 
1250 K in air using a resistively heated furnace and a four-screw Tinius Olsen 
testing machine. Test samples were .2 cm in diameter and approximately 15 cm 
long. Flat sections were prepared at each end of the sample by grinding away 
opposite surfaces to provide better contact surfaces with the wedges in the 
superalloy grips. 

* 

Strain measurements at room temperatures were obtained using commercial 
strain gages on opposite sides of the samples. A clamp-on extensometer of 
UTRC design was used to measure strains in tests at temperatures up to 1100 K. 
The two extensometer parts that clamped to the sample were made out of B-1900 
nickel-base superalloy set for a gage length of 5.1 cm. Four alumina rods 
hung down from these two clamps and the strain was determined from the 
differential outputs of two LVDT's 
so as to be electrically in series. In tests above 1100 K, strains were 
estimated from crosshead motion using the length of the reduced sample 
section, which was about 5.5 cm, as the gage length. 

** attached to these rods below the furnace 

Thermal expansion measurements on .2 cm Dia. x 2.5 cm long samples were 
made using a dual tube, all fused quartz dilatometer system similar in design 
to that described in ASTM E228-71. Thermal expansion data from an LVDT system 
mounted above the furnace was continuously measured by a computer/voltmeter/ 
scanner system and recorded on a floppy disk. Calculations and plotting of 
the data in final form, which included comparisons with the data obtained 
using pure platinum as a calibration sample 
computer and digital plotter. 

*** , was accomplished using a 

**** Scanning electron microscope (SEMI pictures were made of selected 
samples after first overcoating the samples with about 500 8, of carbon in 

* 
* 

** 
*** 

Series 4053 Grips, MAR-M246, Applied Test Systems, Saxonburg, Pa. 
Linear Voltage Differential Transformers, Schaevitz Corp., Camden, NJ 
National Bureau of Stds., Washington, DC 
JSM-35, JEOL Ltd., Tokyo, Japan 
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* 
order to avoid electrical charging effects. 
used to obtain detailed information on local area chemical compositions and 
how this varied across the sample. Standard chemical analysis techniques were 
used to determine the compositions of various bulk samples. 

An electron microprobe was also 

* Model MBX, Camberra Corp., with Tracor Northern 2000 Energy Dispersive 
Spectrometer 
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5.1 I n i t i a l  Alloy Evaluat ion 8nd S e l e c t i o n  

As r equ i r ed  by the  Statement o f  Work, t h e  primary eva lua t ion  method f o r  
t h e  s e l e c t i o n  of  t h e  b e s t  a l l o y s  f o r  use  a s  s t r a i n  gage candida tes  w a s  t o  be 
based on o b t a i n i n g  good r e s i s t a n c e s  t o  oxidat ion.  
chosen f o r  optimum behavior  was the  minimum amount of  weight change shown 
a f t e r  a 50 hour  exposure t o  a i r  a t  1250 K. 

The s p e c i f i c  c r i t e r i a  

A t o t a l  o f  12 FeCrAl a l l o y  samples were prepared by drop c a s t i n g  and 
oxid ized  as descr ibed  i n  Sec t ion  4.0. The base a l l o y  f o r  comparison w a s  t h e  
FeCrAl Mod $3 composition, Fe-11.9A1-10.6Cr i n  U t . % .  Eight  o f  t h e  o t h e r  a l l o y  
compositions contained small  add i t ions  of r a r e  e a r t h  elements s e l e c t e d  on the  
b a s i s  o f  good r e s u l t s  repor ted  when they were used as a d d i t i v e s  t o  nickel-base 
supe ra l loy  oxide coa t ings .  Another modi f ica t ion  ( a l l o y  $2) cons i s t ed  o f  
exposing t h e  base a l l o y  t o  a preoxid iz ing  t rea tment  o f  2 hours  a t  1370 K w i th  
t h e  i n t e n t i o n  of forming an alpha-alumina coa t ing  rather than a gamma alumina 
c o a t i n g  on t h e  a l l o y .  Another sample ( a l loy  #3) w a s  prepared i n  an at tempt  t o  
see i f  changing t h e  c r y s t a l  s t r u c t u r e  of the Fe would cause any u s e f u l  changes 
i n  behavior .  
chromium r i c h  and aluminum r i c h  edges of the  zero  average thermal c o e f f i c i e n t  
of  r e s i s t i v i t y  reg ions  descr ibed  i n  work under t h e  p r i o r  c o n t r a c t .  

Other candida tes  ( a l l o y s  #4 and 5 )  were s e l e c t e d  t o  be on 

The r e s u l t s  obtained from the  oxida t ion  s t u d i e s  are presented i n  Table 
5.1.1 wi th  t h e  a l l o y s  l i s t e d  by order  of rank, with those  t h a t  showed t h e  
l e a s t  weight change l i s t e d  f i r s t .  The bes t  a l l o y  based on t h i s  method of  
comparison w a s  t h e  Mod #3 a l l o y ,  t h e  base a l l o y  developed on t h e  p r i o r  
c o n t r a c t  work. 

A t o t a l  of  34 PdCr type  a l l o y  samples were prepared by r epea ted ly  me l t ing  
s m a l l  10 gram ba tches  of material toge ther  i n t o  s m a l l  bu t tons .  These were 
subjec ted  t o  homogenizing and slow cool ing h e a t  t r ea tmen t s  t o  determine i f  any 
second phases could be formed i n  a l l o y s  of t hese  compositions.  
compositions which were apparent ly  s i n g l e  phase were o f  i n t e r e s t  i n  t h i s  
program. 
of  meta l lographic  examinations of s ec t ions  which had been pol i shed  and etched.  

Only sample 

Table 5.1.2 shows t h e  va r ious  compositions prepared and t h e  r e s u l t s  

The r e s u l t s  from t h e  ox ida t ion  t e s t i n g  o f  seven d i f f e r e n t  PdCr type  
compositions a r e  presented  i n  Table 5.1.3. Alloys con ta in ing  more than 13 
weight percent  C r  d id  not  appear t o  have b e t t e r  r e s i s t a n c e  t o  ox ida t ion  than  
t h e  13 W t .  pe rcent  a l l o y .  Alloys conta in ing  r e f r a c t o r y  metal a d d i t i o n s ,  which 
might be  expected t o  show lower thermal c o e f f i c i e n t s  o f  r e s i s t a n c e  a l s o  showed 
cons ide rab le  ga ins  i n  weight.  The b e s t  a l loy  f o r  f u r t h e r  s tudy based on t h e s e  
r e s u l t s  was Pd-13 W t .  pe rcent  C r ,  t he  optimum a l l o y  i d e n t i f i e d  dur ing  t h e  
p r i o r  c o n t r a c t .  

I 



5.2 Electrical Resistance Properties of FeCrAl Alloys 

Based on t h e  r e s u l t s  o f  t h e  ox ida t ion  s tudy,  i t  was decided t o  examine 
f u r t h e r  the p r o p e r t i e s  of t h e  o r i g i n a l  base a l l o y  because none of  t h e  modified 
compositions appeared t o  improve t h e  r e s i s t a n c e  t o  ox ida t ion .  A t o t a l  o f  t e n  
samples of t h e  Mod #3 composition were prepared and t h e i r  e l e c t r i c a l  behaviors  
determined i n  o rde r  t o  examine t h e  r e p r o d u c i b i l i t y  o f  t h i s  a l l o y .  
r e s u l t s  were a l s o  compared i n  t h i s  program wi th  t h e  e l e c t r i c a l  behavior  of t h e  
K-5 sample o f  t h e  same nominal composition prepared i n  t h e  prev ious  program. 
These e l e c t r i c a l  r e s i s t i v i t y  r e s u l t s  are summarized i n  Table 5.2.  

These 

Elec t ron  microprobe a n a l y s i s  of  sample K-5 revea led  i t s  composition t o  b e  
Fe-12.3 Cr, 9.41 A1  i n  weight percent  i n s t e a d  of  Fe-10.6 C r ,  11.9 A 1  s p e c i f i e d  
when cas t ing  t h e  sample. Two a d d i t i o n a l  samples, K-Mod 3-1 and K Mod 3-2, 
were drop c a s t  from t h e  elements  i n  an at tempt  t o  produce r e s i s t i v i t y  samples 
c l o s e r  t o  t h e  s p e c i f i e d  composition. The composition of  t h e s e  samples v a r i e d  
from each o t h e r  and from t h e  s p e c i f i e d  composition as shown i n  Table  5.2. 
This v a r i a t i o n  was thought t o  be due i n  p a r t  t o  t h e  very s m a l l  amounts of 
m a t e r i a l  being used f o r  t h e  c a s t i n g  ba tch  (Typica l ly  15 gm). 
overcome t h i s  problem, a d d i t i o n a l  samples  were then prepared from 1.3 cm 
diameter  c h i l l  c a s t  b a r s  c a s t  from 300 gm m e l t s  us ing  another  f a c i l i t y .  
Because of i t s  low thermal c o e f f i c i e n t  of r e s i s t a n c e ,  t hese  compositions were 
s e l e c t e d  t o  be c l o s e  t o  t h a t  of t he  K-5 composition. The v a r i a t i o n s  i n  compo- 
s i t i o n  between these  va r ious  compositions are shown on a t e r n a r y  p l o t  i n  
F igure  5 . 2 . 1 .  

I n  an a t t e m p t  t o  

A comparison showing t h e  importance of  t hese  r e l a t i v e l y  s m a l l  v a r i a t i o n s  
i n  composition on t h e  e l e c t r i c a l  behavior  of  t h i s  FeCrAl type a l l o y  i s  
presented i n  f i g u r e  5.2.2. The shapes of  t h e  r e s i s t i v i t y  ve r sus  temperature  
curves  vary s i g n i f i c a n t l y  depending on t h e  p a r t i c u l a r  compositions obta ined .  

I n  add i t ion  t o  the  s e n s i t i v i t y  t o  composition, f u r t h e r  work revea led  t h a t  
FeCrAl a l l o y s  tend t o  show gradual  changes i n  t h e i r  apparent  s t r a i n  versus  
temperture curves  a f t e r  prolonged exposures t o  a i r  a t  1250 K. 
shows a summary of the  e f f e c t  i n  t h e  form o f  a series of thermal cyc le  curves  
a f t e r  var ious  soak t i m e s  a t  1250 K i n  a i r .  S imi l a r  r e s u l t s  were a l s o  obta ined  
with t h e  K-5 a l l o y .  These gradual  i n c r e a s e s  i n  r e s i s t i v i t y  may be due t o  
ox ida t ion  which i s  slowly reducing t h e  t o t a l  amount o f  e l e c t r i c a l l y  conduct ing 
m a t e r i a l  p resent .  These e f f e c t s  might be  avoided i f  t h e  su r faces  were sea l ed  
i n  some way so t h a t  oxygen could not  r e a c t  with t h e  a l l o y .  Experiments of  
t h i s  type were never performed because i t  w a s  decided,  based on these  r e su l t s ,  
t h a t  fu r the r  work on t h i s  a l l o y  should be d iscont inued  and t h a t  a d d i t i o n a l  
e f f o r t s  should be focused on t h e  PdCr type  a l l o y .  

F igure  5.2.3 

Although it  had t h e  poores t  r e s i s t a n c e  t o  ox ida t ion  of a l l  of t he  FeCrAl 
a l l o y s ,  the only o t h e r  a l l o y  bes ides  t h e  Mod #3 a l l o y  t h a t  w a s  t e s t e d  f o r  
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r e s i s t i v i t y  and f o r  temperature c o e f f i c i e n t  of  r e s i s t a n c e  was a l l o y  #3 (Fe- 
38Ni-20Cr-4A1). This  p a r t i c u l a r  a l l o y  modif icat ion w a s  s e l e c t e d  f o r  examina- 
t i o n  i n  o r d e r  t o  determine t h e  e f f e c t s  of changing t h e  c r y s t a l  s t r u c t u r e  from 
body centered  cubic  t o  f ace  centered  cubic by the  appropr i a t e  s u b s t i t u t i o n  of  
n i c k e l  f o r  i ron .  
by X-ray examination, i t  w a s  concluded tha t  t h i s  a l l o y  was not  of  f u r t h e r  
i n t e r e s t  because of i t s  h igh  thermal c o e f f i c i e n t  of r e s i s t a n c e  (380Pn/Q/K). 

Although t h e  expected change i n  s t r u c t u r e  was not  v e r i f i e d  

5.3 Electr ical  Resistance P r o p e r t i e s  of C a s t  PdCr Alloy8 

Eleven palladium base a l l o y s  were chosen f o r  r e s i s t a n c e  t e s t i n g  based on 
previous  meta l lographic  examinations and eva lua t ions  of t h e i r  r e s i s t a n c e s  t o  
ox ida t ion .  
presented  i n  Table 5.3.1. 

A summary of t he  r e s i s t i v i t y  d a t a  obtained f o r  t hese  a l l o y s  i s  

The reason  f o r  t he  drop i n  thermal c o e f f i c i e n t  of  r e s i s t a n c e  of  sample 
PdCr-12-1 l i s t e d  i n  Table 5.3.1 from 168.4 PQ/Q/K p r i o r  t o  soaking a t  1250 K 
t o  160.6 v Q / n / K  a f t e r  soaking a t  1250 K i s  no t  known. This  sample w a s  subse- 
quent ly  soaked a t  1250 K f o r  100 hours with no f u r t h e r  s i g n i f i c a n t  change i n  
i t s  thermal c o e f f i c i e n t  of  r e s i s t a n c e  (160.6 t o  162) .  One p o s s i b l e  explana- 
t i o n  i s  t h a t  t h e  sample was not  f u l l y  homogenized a f t e r  t h e  1470 K homoge- 
n i z i n g  h e a t  t rea tment .  The sample experienced a h igh  ra te  of  d r i f t  a t  t h e  
s t a r t  o f  t h e  1250 K d r i f t  (-116 v n / Q / H r )  which slowed d rama t i ca l ly  a f t e r  4 
hours  and s t a b i l i z e d  a t  -19 PQ/Q/Hr f o r  the remaining 6 hours .  A d u p l i c a t e  
sample (PdCr-12-2) d i d  not  show any change i n  thermal c o e f f i c i e n t  of  resis- 
tance  due t o  soaking a t  1250 K. 

Seven a l l o y s  were t e s t e d  a t  both 50 K/min and 250 K/min t o  e v a l u a t e  t h e  
e f f e c t s  of  hea t ing  r a t e  on t h e  thermal c o e f f i c i e n t  of  r e s i s t a n c e .  A s  shown i n  
Table 5.3.1, on ly  t h e  a l l o y s  con ta in ing  Ta a d d i t i o n s  were s i g n i f i c a n t l y  
e f f e c t e d  by changes i n  hea t ing  r a t e .  Figure 5.3.1 shows a p l o t  o f  AR/R v s  
temperature  f o r  Pd-13 Cr heated  a t  two r a t e s  which i s  r e p r e s e n t a t i v e  o f  t h e  
curves obtained f o r  a l l  t h e  b inary  PdCr a l loys .  

For t h e  b ina ry  PdCr a l l o y s ,  t h e  thermal c o e f f i c i e n t  of  r e s i s t a n c e  
decreased with inc reas ing  C r  conten t  from a maximum of  168 UQ/Q/K f o r  13 W t .  
pe rcent  Cr t o  a minimum of 125 vQ/Q/K a t  22 U t .  percent  Cr. 
thermal c o e f f i c i e n t  of  r e s i s t a n c e  vs  Cr content  f o r  t h e s e  a l l o y s  i s  shown i n  
f i g u r e  5.3.2. 
C r  conten t  from a minimum of  87 PScm f o r  12 W t .  percent  Cr t o  a maximum of  
136 PQ-cm f o r  22 W t .  pe rcent  Cr. This da ta  i s  a l s o  p l o t t e d  i n  f i g u r e  5.3.2. 
The d i f f e r e n c e s  i n  t h e  thermal c o e f f i c i e n t s  o f  r e s i s t a n c e  and r e s i s t i v i t y  
between d u p l i c a t e  samples of  t h e  same a l loy  may be  due in p a r t  t o  composi- 
t i o n a l  d i f f e r e n c e s  i n  t h e  samples r e s u l t i n g  from l o s s e s  du r ing  the  c a s t i n g  of  

A p l o t  of  t h e  

The r e s i s t i v i t y  of  t he  binary a l l o y s  increased  with i n c r e a s i n g  
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t he  small  m e l t  pads. Di f fe rences  i n  r e s i s t i v i t y  may a l s o  be due t o  t h e  
i r r e g u l a r  c ros s - sec t ion  of  t h e  t es t  samples. 
rods  during s o l i d i f i c a t i o n  were included i n  some samples. 

Voids c r e a t e d  i n  t h e  drop c a s t  

P lo t s  o f  AR/R vs temperature  f o r  Pd-13Cr and Pd-22Cr i n  W t .  pe rcent  
heated a t  50 K/min a r e  presented i n  f i g u r e  5.3.3. Both curves  a r e  e s s e n t i a l l y  
l i n e a r  with a s l i g h t  break a t  850 K f o r  Pd-22 C r  and a t  950 K f o r  t h e  Pd-13Cr 
i n  U t .  percent.  These depa r tu re s  from l i n e a r i t y  are probably caused by 
changes i n  s o l u t e  s o l u b i l i t i e s  a t  t h e  temperature  where these  breaks  are 
observed. 

As shown i n  Table 5.3.2, r e s i s t i v i t y  tes ts  were a l s o  run  on s e v e r a l  
t e r n a r y  PdCr  a l l o y s .  The two a l l o y s  con ta in ing  Mo exh ib i t ed  h igh  d r i f t  rates 
and an appreciable  change i n  t h e  thermal c o e f f i c i e n t  o f  r e s i s t a n c e  a f t e r  a 10 
hour soak a t  1250 K. The a l l o y  con ta in ing  E r  had a very high thermal  c o e f f i -  
c i e n t  of r e s i s t a n c e .  The a l l o y s  con ta in ing  Ta were non-l inear  wi th  breaks  i n  
t h e i r  r e s i s t i v i t y  curves  a t  350 K and 1000 K. F igure  5.3.4 shows t h i s  break 
f o r  Pd-16Cr-8Ta. Again t h e  non l inea r  e f f e c t s  are probably a s s o c i a t e d  wi th  
changes i n  s o l u b i l i t i e s  of t he  c o n s t i t u e n t s  a t  d i f f e r e n t  temperatures .  A s  
d i scussed  i n  the  Approach (Sec t ion  3.01, t h e s e  e f f e c t s  were undes i r ab le  and 
cause fo r  dropping these  a l l o y s  from f u r t h e r  cons ide ra t ion .  

The a l l o y s  con ta in ing  Ni and Co showed t h e  most promise of  t h e  t e r n a r y  
a l l o y s  inves t iga t ed .  A l l  t h r e e  a l l o y s  had temperature  c o e f f i c i e n t s  of  resis- 
tance  similar t o  Pd-l3Cr, f a i r l y  l i n e a r  r e s i s t i v i t y  curves  and low d r i f t  rates 
a t  1250 K. F igures  5.3.5 t h r u  5.3.7 show r e s i s t i v i t y  curves  f o r  t h e s e  a l l o y s  
a t  50 K/min i n  argon. 
advantage over Pd-13Cr. Although an add i t ion  of  8 weight percent  N i  appeared 
t o  r e s u l t  i n  a small  improvement i n  t h e  ox ida t ion  r e s i s t a n c e  of  a h ighe r  
chromium content  a l l o y  ( see  Table 5.1.31, t he  d a t a  d i d  not  suggest  t h a t  it 
would be b e t t e r  than Pd-13Cr. 

None of  t h e s e  a l l o y s ,  however, appeared t o  o f f e r  any 

A l l  o f  t he  b inary  a l l o y s  were t e s t e d  f o r  s t a b i l i t y  i n  argon a t  1100 K and 
a t  1250 K by record ing  AR/R vs  t i m e  while  t h e  samples were soaked f o r  10 hours  
a t  t hese  temperatures .  
A l l  of these a l l o y s  appeared t o  be s t a b l e  a t  1100 K wi th  t o t a l  d r i f t s  o f  200 
t o  300 Un/n (100 t o  150 m i c r o s t r a i n  assuming a gage f a c t o r  o f  2.0). A t  1250 K 
the  most s t a b l e  a l l o y  was Pd-13Cr i n  W t .  p e rcen t ,  wi th  t o t a l  d r i f t s  of  -150 
and -680 W/Sl f o r  d u p l i c a t e  samples. A l l  of  t h e  o t h e r  b ina ry  a l l o y s  e x h i b i t e d  
p o s i t i v e  d r i f t  which increased  wi th  inc reas ing  chromium content  t o  a maximum 
of  3,890 W l n  f o r  Pd-22Cr i n  W t .  pe rcent .  

The r e s u l t s  of t h i s  t e s t i n g  are g iven  i n  Table 5.3.1. 

The atmosphere i n  t h e  r e s i s t i v i t y  appara tus  used f o r  t h i s  t e s t i n g  must 
have contained some oxygen from t h e  purging argon and from t h e  outgass ing  of  
t h e  f ibe rous  i n s u l a t i o n .  I n  o r d e r  t o  determine i f  t h e  d r i f t  a t  1250 K w a s  
caused by removal of  chromium from the  a l l o y s  by ox ida t ion ,  t h e  t e s t  p lan  w a s  



modified t o  inc lude  oxid iz ing  each sample i n  a i r  a t  1250 K t o  form an oxide 
coa t ing  p r i o r  t o  t e s t i n g  i n  a i r  a s  wel l  as  i n  argon. F igure  5.3.8 shows t h e  
r e s u l t s  of t h i s  t e s t i n g  f o r  Pd-13Cr and Pd-2OCr i n  W t .  pe rcent .  The r e s i s -  
t ance  of  t h e  Pd-13Cr increased  during the pre-oxidat ion soak i n  a i r  as might 
be expected i f  an oxide coa t ing  were being formed. During t h e  next 60 hours  
i n  argon followed by a i r ,  t h e  r e s i s t a n c e  dropped, reaching  a rate of  approxi- 
mately -18un/a/hr a t  t h e  conclus ion  of the t e s t i n g  i n  a i r .  
13Cr, t h e  r e s i s t a n c e s  of  t h e  o t h e r  binary a l l o y s  increased  dur ing  the  e n t i r e  
series of  d r i f t  runs.  The d r i f t  r a t e  increased d rama t i ca l ly  when the  sample 
was exposed t o  a i r  as shown i n  f i g u r e  5.3.8. The f i n a l  d r i f t  ra te  of  290 
Pn/n/hr f o r  Pd-20Cr i n  a i r  was the  highest  of  any b ina ry  a l l o y .  F igures  5.3.9 
and 5.3.10 show t h e  d r i f t  of  a l l  four  binary a l l o y s  over  30 hours  i n  argon and 
i n  a i r .  This  series of  tes ts  i n d i c a t e s  t ha t  a good p ro tec ive  oxide l a y e r  i s  
no t  formed a t  1250 K f o r  PdCr a l l o y s  conta in ing  more than  13 W t .  percent  
chromi um. 

I n  c o n t r a s t  t o  Pd- 

The s u r f a c e  of  a Pd-13Cr drop-cast  sample w a s  examined a f t e r  40 hours  i n  
a i r  a t  1250 K t o  determine t h e  na ture  of t he  oxid ized  l a y e r  formed. The 
sample was p l a t ed  wi th  n i c k e l  and sect ioned t o  r evea l  t h e  oxide-meta l  i n t e r -  
face .  F igure  5.3.11 shows e l e c t r o n  microprobe d a t a  i n  t h e  spot  mode f o r  
pal ladium and chromium along a l i n e  across  t h e  oxide-meta l  i n t e r f a c e .  The 
metal a l l o y  i s  t o  t h e  r i g h t  and t h e  surface f i l m  i s  t o  t h e  l e f t .  The amount 
of chromium i n  t h e  a l l o y  appears  t o  be uniformly d i s t r i b u t e d  r i g h t  up t o  t h e  
i n t e r f a c e  between t h e  oxide f i lm  and t h e  metal a l l o y  s u b s t r a t e .  The concen- 
t r a t i o n  of chromium i n  t h e  su r face  f i lm  is more than t h r e e  t i m e s  g r e a t e r  than 
i n  t h e  a l l o y .  The f a c t  t h a t  t h e  chromium composition does not  appear t o  be 
completely uniform ac ross  the  su r face  layer  i s  probably due t o  t h e  s i z e  of  t h e  
e l e c t r o n  beam spot  which n e c e s s a r i l y  con t ro l s  t h e  u l t i m a t e  r e s o l u t i o n  of t h e  
system. The su r face  f i l m  a l s o  con ta ins  a s m a l l  percentage of  palladium which 
appears  i n  t h e  s e c t i o n  t o  be near  t h e  sur face  of  t h e  f i lm.  A SEM image and 
oxygen d e n s i t y  map o f  t h i s  sample a r e  shown i n  f i g u r e  5.3.12. This examina- 
t i o n  r e v e a l s  t h a t  t h e  oxid ized  su r faces  are  i r r e g u l a r  i n  th i ckness .  Also of  
i n t e r e s t  i s  the  obse rva t ion  t h a t  t h e  palladium seen i n  t h e  s u r f a c e  f i l m  i n  t h e  
p r o f i l e  of f i g u r e  5.3.11 appears  as d i s t i n c t  i n c l u s i o n s  i n  t h e  f i l m  and a t  i t s  
s u r f  ace.  

The obse rva t ion  of  i n c l u s i o n s  of Pd i n  t h e  s u r f a c e  oxide f i lms  sugges t s  
t h a t  oxygen was t h e  major d i f f u s i n g  species .  These pal ladium i n c l u s i o n s  
probably do not  con ta in  any chromium. Once t h e s e  i n c l u s i o n s  or p r o j e c t i o n s  o f  
pal ladium have l o s t  t h e i r  chromium, they may a c t  as f a s t e r  pa ths  f o r  t h e  
d i f f u s i o n  o f  oxygen than  would the  oxide s c a l e .  The th i ckness  of  t he  oxide  
s c a l e  v a r i e d  i n  our  measurements from 2 to 15 m with  examples of both 
pal ladium on t h e  o u t s i d e  su r face  o f  the sca l e  and ex tending  i n t o  i t ,  and oxide  
s c a l e  p ro t rus ions  extending i n t o  the palladium a l l o y  s u b s t r a t e .  Th i s  non- 
uniform f i l m  th i ckness  may i n d i c a t e  p r e f e r e n t i a l  o x i d a t i o n  a t  g r a i n  boundaries  
o r  o t h e r  d e f e c t s  and s p a l l a t i o n .  
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The r e p r o d u c i b i l i t i e s  of t h e  r e s i s t a n c e  curves f o r  t h e  b ina ry  a l l o y s  were 
eva lua ted  by cyc l ing  a sample o f  each a l l o y  t o  1250 K a t  50 K/min f o r  f i v e  
consecutive c y c l e s .  The r e s u l t s  o f  t h i s  series of tests f o r  c y c l e s  two 
through five a r e  shown i n  Tables  5.3.2 and 5.3.3 f o r  Pd-13Cr and Pd-22Cr, 
r e spec t ive ly .  The l a r g e s t  d e v i a t i o n  f o r  e i t h e r  a l l o y  i s  i n  t h e  r eg ion  750 t o  
900 K and i s  a s soc ia t ed  with t h e  l a r g e s t  divergence between t h e  h e a t i n g  and 
coo l ing  curves. The s l i g h t  break i n  t h e  h e a t i n g  curve f o r  Pd-22Cr seen i n  
f i g u r e  5.3.3 a l s o  occurred a t  t h i s  temperature.  The o v e r a l l  s t anda rd  devia- 
t i o n  f o r  both a l l o y s  shows a h igh  degree of r e p r o d u c i b i l i t y  which w a s  t y p i c a l  
o f  a l l  four a l l o y s .  

A f a c i l i t y  f o r  forming r a p i d l y  s o l i d i f i e d  f o i l s  was u t i l i z e d  t o  produce 
Pd-13Cr r e s i s t i v i t y  samples i n  t h e  form of s t r i p s  approximately .008 cm t h i c k .  
The technique used t o  produce t h e s e  " sp la t "  samples was desc r ibed  i n  Sec t ion  
4.1. Figure 5.3.13 shows t h e  r e l a t i v e  change i n  r e s i s t a n c e  of one o f  t h e s e  
samples between room temperature and 1250 K. The thermal c o e f f i c i e n t  o f  
r e s i s t a n c e ,  a lpha,  f o r  t h i s  s p l a t - c a s t  sample w a s  169 PQ/Q/K,  t h e  same as the  
va lue  obtained f o r  t h e  two drop-cast  Pd-13Cr samples desc r ibed  i n  Table 
5.3.1. 

Measurements of t he  d r i f t  i n  r e s i s t a n c e  of t h i s  f o i l  sample a t  1250 K i n  
a i r  are presented i n  f i g u r e  5.3.14. The d a t a  shows a s i g n i f i c a n t  p o s i t i v e  
ra te  o f  d r i f t  which had not  reached a s t a b l e  cond i t ion  even a f t e r  50 hours .  

5.4 Mechanical and Other Properties of Caat Materials 

Figure 5.4.1 shows t h e  l i n e a r  thermal expansion of Pd-13Cr v e r s u s  temper- 
a t u r e  f o r  both h e a t i n g  and c o o l i n g  a t  2 K/min. 
i n  argon i n  the  d i f f e r e n t i a l  mode with a s i m i l a r l y  s i z e d  rod of pure plat inum 
as t h e  reference s tandard.  F igu re  5.4.2 p r e s e n t s  computer generated curves 
which show how t h e  c o e f f i c i e n t  o f  thermal expansion v a r i e s  with temperature .  
A va lue  of 14.6 x 10-6/K i s  a good average va lue  f o r  t h i s  c o e f f i c i e n t  over t h e  
range from room temperature t o  1250 K. 

These measurements were made 

Table 5.4.1 c o n t a i n s  a summary of d a t a  compiled from s t r e s s - s t r a i n  
t e s t i n g  of Pd-13Cr a t  temperatures  from R.T. t o  1250 K. S t r e s s  and s t r a i n  
d a t a  from Table 5.4.1 are p l o t t e d  vs. test temperature i n  f i g u r e s  5.4.3 and 
5.4.4. The def lectometer  used f o r  t h e  tests above 1100 K i s  not as r e l i a b l e  
as t h e  extensometer s i n c e  i t  i s  not  i n  d i r e c t  c o n t a c t  with t h e  t es t  sample 
w i t h i n  the gage s e c t i o n .  Any e longa t ion  t a k i n g  p l ace  o u t s i d e  t h e  gage s e c t i o n  
during the t e s t ,  such as s l i p p a g e  a t  t h e  g r i p  f ace  o r  t i g h t e n i n g  of t h e  load 
t r a i n ,  w i l l  r e s u l t  i n  an e r r o r  i n  t h e  s t r a i n  reading.  This probably accounts 
f o r  some of t he  s c a t t e r  i n  t h e  s t r a i n  d a t a  above 1100 K. F igu re  5.4.5 shows 
s t r e s s - s t r a i n  curves  f o r  t h i s  a l l o y  a t  1100 K and a t  1250 K. 

I 

1 

I 

, 

I 
I 

I 
I 
1 

I 

20 



In order to measure the gage factor of Pd-13Cr at room temperatures, 
electrical leads were spot welded to a tensile sample to permit a four-wire 
measurement of resistance to be made during tensile testing. 
programmed to read and record the load, strain and resistance every 10 seconds 
during the test. 
stress and resistance vs. strain for Pd-13Cr at room temperature. 
indicates that the gage factor changes after the sample yields. Figure 5.4.7 
shows data for the same sample cycled at various strain rates below the yield 
stress. This plot shows that, within the range of conditions used, the gage 
factor is constant below the yield and is not strain rate dependent. 

A computer was 

Figure 5.4.6 shows a plot of the simultaneously recorded 
The data 

All of the Pd-13Cr rods used for resistivity, tensile, oxidation, and 
thermal expansion testing were cast from the same lots of the pure elements. 
The results obtained from a chemical analysis of one of these drop cast rods 
are presented in Table 5.4.2. The major impurity present is 0.1 weight per- 
cent platinum (1000 ppm). 
not react with oxygen, its presence is probably not harmful. The next major 
impurity is iron at 200 ppm. The importance of such minor impurities is not 
known. 

Because this is a similar noble metal which does 

5.5 Fabrication of Spattered Samples 

Two different sized Hastelloy-X substrates were produced. The smaller 15 
mm x 19 mm plates were sputtered with a stripe of Pd-13Cr which was 6 kn thick 
and 6 . 4  mm x 12 mm in area. 
were coated with the sputtered Pd-13Cr resistance strain gage pattern shown 
previously in figure 4.1.2. 
were only .13 mm wide compared with the lead films which were 6.4 mm wide. 
The total area of the grid sensor is 13 x 13 mm. A total of 16 sputtered Pd- 
13Cr sputtered samples of this design were prepared on Hast-X substrates. In 
addition, 5 sputtered samples of the smaller dimensions described above were 
also prepared on alumina substrates. Descriptions of all these samples and 
test results are presented in Tables 5.5.1 and 5.5.2. 

The larger plates, which measured 19 mm x 80 mm, 

This pattern consists of 10 lines ( 5  loops) which 

No problems of adhesion were observed after sputtering with any of the 
above samples, regardless of substrate composition or surface finish. 
Scanning Electron Microscope examinations of the as-sputtred films showed that 
they all had a "corn cob" type structure and that there were nonuniformities 
in the sizes of the growth nodules. Figure 5.5.1 shows the surface structure 
of a typical sputtered film. 

21 



Because t h e  a s - spu t t e red  f i l m s  would n o t  b e  i n  t h e i r  thermodynamic lowest 
energy s t a e ,  t h e  s p u t t e r e d  samples were h e a t  t r e a t e d  t o  anneal  and r e c r y s t a l -  
l i z e  t h e  Pd-13Cr f i l m s  p r i o r  t o  t e s t i n g .  R e c r y s t a l l i z a t i o n  would b e  expected 
t o  r e l i e v e  t h e  high i n t e r n a l  stresses i n  t h e  f i l m s  and, most important ly ,  
remove most of t h e  h igh  energy g r a i n  boundaries  between nodules which would be 
pathways f o r  enhanced g r a i n  boundary d i f f u s i o n  o f  oxygen and sources  of 
c rack ing  when t h e  f i l m s  were sub jec t ed  t o  t e n s i l e  s t r a i n s .  
procedure f o r  c a r r y i n g  ou t  t h i s  r e c r y s t a l l i z a t i o n  c o n s i s t e d  o f  encapsu la t ing  
t h e  samples i n  q u a r t z  ampules under vacuum and h e a t i n g  t o  1473 K f o r  2 hour s .  
It was subsequently discovered t h a t  t he  f i lms  were being contaminated du r ing  
t h i s  process by r e a c t i o n s  wi th  s i l i c a  and t h a t  t h e s e  r e a c t i o n s  could n o t  be 
prevented even by c a r e f u l l y  wrapping t h e  samples i n s i d e  tantalum f o i l s .  
Subsequent h e a t  t r ea tmen t s  were done i n  an impervious, c l e a n  alumina tube  
con ta in ing  tantalum t r a y s  t o  g e t t e r  any oxygen p resen t  and purged with 
g e t t e r e d  argon from a s p e c i a l  i n e r t  gas p u r i f i e r .  The p u r i f i e r  lowered t h e  
oxygen content of t h e  purging atmosphere from approximately 1-3 ppm oxygen 
from a b o t t l e d  argon source t o  less than  1 x 
t h a t  t h e  spu t t e red  Pd-13Cr f i lms  could be completely r e c r y s t a l l i z e d  a t  1370 K 
i f  t h e  time a t  temperature  was inc reased  from 2 hours  t o  12  hours .  The s t r u c -  
t u r e  of the r e c r y s t a l l i z e d  Pd-13Cr f i l m  is  shown i n  F ig .  5.5.2. 

The o r i g i n a l  

ppm 02. It was a l s o  found 

The r e c r y s t a l l i z e d  f i l m s  appeared t o  be f l a t t e r  and t h e  deep grooves 
which appeared t o  form between some of t h e  a s - spu t t e red  nodules  were no longer  
p r e s e n t .  The f i l m s ,  however, c o n t a i n  some h o l e s  which g e n e r a l l y  extend a l l  
t h e  way through t h e  f i l m s  t o  t h e  alumina s u r f a c e  below. It i s  be l i eved  t h a t  
t h e s e  holes  a r e  formed as a r e s u l t  of t h e  breakout of some of t h e  l a r g e r  
growth nodules shown i n  f i g u r e  5.5.1. 

Scanning e l e c t r o n  microscope (SEMI examinations o f  samples r e c r y s t a l l i z e d  
i n  v e r y  p u r e  argon r evea led  t h e  presence of b a l l s  of palladium on t h e  s u r f a c e  
of t h e  spu t t e red  alumina i n s u l a t i n g  l a y e r  ad jacen t  t o  t h e  PdCr f i l m s .  These 
were determined t o  be Pd b a l l s  by energy d i s p e r s i v e  a n a l y s i s .  These b a l l s  
were no t  observed on samples r e c r y s t a l l i z e d  i n  a i r  o r  u s ing  b o t t l e d  argon. 
The presence of a ve ry  small  c o n c e n t r a t i o n  of oxygen was s u f f i c i e n t  t o  prevent  
t h e  formation of these  b a l l s .  

The d a t a  t o  be presented i n  more d e t a i l  i n  Sec t ion  5.6 r evea led  t h e  need 
t o  develop p r o t e c t i v e  ove rcoa t s  t o  prevent  excess ive  o x i d a t i o n  o f  t h e  Cr i n  
t h e s e  spu t t e red  f i lms .  To addres s  t h i s  problem, t h r e e  samples were overcoated 
wi th  spu t t e red  aluminum. The p l a n  was t o  provide a s e a l i n g  c o a t  of alumina 
(A1203) by conve r t ing  t h i s  metal  c o a t i n g  t o  t h e  oxide form by ox ida t ion  i n  
p l a c e .  A t t e m p t s  t o  o x i d i z e  t h e s e  ove rcoa t s  were not  s u c c e s s f u l  because t h e  
i n i t i a l  aluminum oxide formed w a s  so impervious t o  any f u r t h e r  ox ida t ion .  
F igu re  5.5.3 shows "spurs" of alumina formed p r e f e r e n t i a l l y  a long t h e  edges of 
t h e  PdCr g r i d  l i n e s .  Apparently t h e  aluminum under t h e  oxide melted,  t h e  
volume expansion rup tu red  t h e  t h i n  oxide s u r f a c e ,  and more o x i d a t i o n  occurred 
aga in .  The process was r epea ted  u n t i l  a l l  of t h e  aluminum metal was oxidized 
o r  d i s so lved  i n  t h e  a l l o y .  



E l e c t r o n  microprobe measurements were made of  t h e  composition of  t h e  
s p u t t e r e d  f i l m  on sample HX-24 a f t e r  it had been hea ted  f o r  2 hours a t  1370 K 
i n  flowing argon (1-2 ppm 0,). 
f i lm  had occurred ,  t hese  measurements were made on s u r f a c e s  c leaned by g r i t  
b l a s t i n g  a s  w e l l  a s  on s u r f a c e s  which had no t  been c leaned  i n  t h i s  manner. 
The average composition a t  two d i f f e r e n t  l oca t ions  i n  t h e  g r i t  b l a s t e d  a reas  
was 79.4 Pd, 15.9 C r  and 4.7 A l ,  a l l  in W t .  p e rcen t .  The average compositions 
a t  two d i f f e r e n t  l o c a t i o n s  i n  a r e a s  which were no t  g r i t  b l a s t e d  was 61.8 Pd, 
35.1 C r  and 3.1 A l ,  a l l  i n  W t .  pe rcent .  The h ighe r  concen t r a t ion  o f  C r  f o r  
t h e  a r e a s  not  cleaned by g r i t  b l a s t i n g  is c o n s i s t e n t  wi th  t h e  formation of  a 
s u r f a c e  p r o t e c t i v e  f i l m  o f  chromium oxide.  

Because some ox ida t ion  of  t h e  su r face  o f  t h e  

The presence of aluminum was unexpected. Some of  t h e  aluminum present  i n  
t h e  g r i t - b l a s t e d  a r e a s  might have been due t o  r e s i d u a l  p a r t i c l e s  o f  alumina 
g r i t  embedded i n  t h e  f i lm.  
be b e n e f i c i a l  i n  he lp ing  t o  form a good p ro tec t ive  oxide f i l m  and i n  reducing 

r e s u l t  i n  o rde r ing  e f f e c t s  a t  in te rmedia te  tempera tures .  

The presence of a small amount of  aluminum might 
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It was not  p o s s i b l e  t o  conduct an e l e c t r o n  microprobe a n a l y s i s  of t h e  
t a rge t*  because t h a t  would have r equ i r ed  c u t t i n g  away a p i ece  of  t h e  t a r g e t  
f o r  examination. 
put  i n s i d e  t h e  scanning e l e c t r o n  microscope so t h a t  an energy d i s p e r s i v e  
a n a l y s i s  could be made of  an a r e a  i n  the cen te r  of  t h e  t a r g e t  (about  2 cm x 2 
cm). Although t h i s  d i d  no t  provide a q u a n t i t a t i v e  a n a l y s i s ,  peaks were 
observed f o r  A 1  a s  w e l l  a s  small  peaks for  S i  and Fe. Fu r the r  examinations i n  
t h e  spot  mode revea led  areas r i c h  i n  A 1  and Mo. More complete e l e c t r o n  
microprobe ana lyses  of spu t t e red  PdCr f i lms w i l l  be made i n  l a t e r  t a s k s  i n  
t h i s  program. 

It was d iscovered ,  however, t h a t  t h e  whole t a r g e t  could be  

5.6 Electrical Properties of Spattered Pd-13Cr 

Three spu t t e red  Pd-13Cr r e s i s t i v i t y  samples were t e s t e d  dur ing  Task 2. 
Sample HX-8R was sub jec t ed  t o  a h e a t  t reatment  o f  12 h r s  i n  a i r  a t  1370 K t o  
r e c r y s t a l l i z e  the  PdCr and t o  form a p ro tec t ive  chromia ( C r  0 l a y e r .  This  
hea t  t rea tment  reduced t h e  gage r e s i s t a n c e  from 140 ~2 as-sput te red  t o  3 2  a .  
This  sample was then cycled twice t o  1250 K a t  10  K/min i n  t h e  thermal  resis- 
t i v i t y  measuring appara tus  be fo re  t e s t i n g  was d iscont inued  because t h e  power 
l eads  sho r t ed  through t o  t h e  s u b s t r a t e .  A p l o t  of t h e  d a t a  obta ined  is  
presented  i n  Fig.  5.6.1. The va lue  of alpha ( t h e  thermal  c o e f f i c i e n t  of  
r e s i s t a n c e )  f o r  t h i s  sample w a s  2000 pSl/n/K compared t o  168 uQ/$2/K f o r  drop 

2 3  

% a t e r i a l s  Research Corp., Orangeburg, NY, composition 86 Pd, 14 C r  (Wt %) 
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cast Pd-13Cr. This result indicates that in very thin films, most of the 
chromium must be consumed by oxidation in order to form the protective oxide 
scale. 

To lower the amount of Cr lost during the formation of an oxide layer, 
the heat treatment temperature for the next sample, (HX-gR), was lowered to 
1250 K. This sample 
also experienced a large drop in gage resistance during heat treatment from 
165 0 to 56 n indicating a substantial loss of Cr. 

At this temperature the sample did not recrystallize. 

This sample was then cycled four times to 1250 K, the first two cycles 
The results from the first being at 10 K/min and the last two at 50 K/min. 

cycle at 50 K/min are shown in figure 5.6.2. 
film and one from the thermocouple spot-welded t o  the substrate were connected 
to an ohmmeter to permit measurements to be made of the resistance from the 
film to the substrate during various thermal exposures. For the cycle plotted 
in figure 5.6.2, the resistance was greater than 20 megohm at temperatures 
below 830 K. Above 830 K the resistance dropped steadily from 20 megohms at 
830 K to a low of 2.6 megohms at 1100 K. 
4 . 3  megohms at 1250 K. 

Leads from one tab of the PdCr 

Above 1100 K the resistance rose to 

The break in the resistivity curve at 1050 K on heating and 975 K on 
The magnitude of this break was cooling occurred during all four cycles. 

greater at the slower heating rate although the temperature at which it 
occurred did not vary. 
resistance to the substrate is at its minimum. Some leakage to the substrate, 
which is grounded through the thermocouple, may account for the decrease in 
sample resistance above 1050 K. 
testing of Hx-8R. 

This break occurs in the temperature region where the 

A similar break was also observed during 
The following values of alpha may be compared: 

HX-9R, RT to 1050 K 1570 PQ/Q/K 
HX-8R, RT to 1050 K 2000 PQ/Q/K 
Drop Cast Pd-13Cr 168 W/Q/K 

Following these initial cycles, the sample was heated to 1250 K for a 50 
hr drift check. The drift data for HX-9R compared with data For thicker film 
samples is shown in figure 5.6.3. The drift rate during the last 20 hours had 
stabilized at -227 @/n/hr. Two cycles run at 50 K/min after the drift check 
showed that alpha had increased to 2560 W/Q/K (300-1050 K), indicating that 
the sample lost more chromium during the drift period. 
K/min after the drift check was made with the sample thermocouple detached 
from the sample, leaving the substrate ungrounded. The resistivity curve 
still had a break at 1050 K, leading to the conclusion that this event was not 
simply due to a leakage to ground at high temperatures. 
300 K changed from 56 ohms at the start of testing to 45 ohms at the end of 
testing. 
the alloy by oxidation which removed some of the scattering centers from the 
a1 loy . 

The second cycle at 50 

Sample resistance at 

This decrease in resistance was probably due to the loss of Cr from 



6.0 DISCUSSION OF RESULTS 

6.1 F e C r A l  Type Alloys 

sen  
The f i n a l  form i n  which these  m a t e r i a l s  w i l l  be  used as t h e  s t r a i n  

p r e f e r r e d  f i n a l  f a b r i c a t i o n  approach f o r  use on a gas  t u r b i n e  b l ade  o r  vane) 
o r  i n  t h e  form of a very  f i n e  w i r e ,  t y p i c a l l y  .0025 cm i n  diameter.  Drop 
c a s t i n g  material i n  much l a r g e r  volumes was s e l e c t e d  as t h e  primary method €or  
sample f a b r i c a t i o n  i n  t h i s  program because of  c o s t ,  t h e  a b i l i t y  t o  e a s i l y  
examine mic ros t ruc tu res ,  t o  more e a s i l y  permit mechanical tests on t h e  
d i f f e r e n t  a l l o y s ,  and t o  gene ra l ly  f a c i l i t a t e  t h e  ease with which an i t e r a t i v e  
a l l o y  development program could be pursued. 

i t i v e  elements  i n  a s t r a i n  gage w i l l  probably be  as a spu t t e red  f i l m  ( t h e  

The f i n e  p o l i s h  given t o  hea t  t r e a t e d  samples p r i o r  t o  the  o x i d a t i o n  
s t u d i e s  was t o  ensure a uniform s t a r t i n g  condi t ion  and t h a t  r e l a t i v e l y  c l ean  
metal s u r f a c e s  would be exposed f o r  ox ida t ion  a t t a c k .  This procedure i s  
r e l a t i v e l y  s tandard  f o r  use i n  t h i s  type of t e s t i n g .  
very  t h i n  coa t ings  formed i n  t h e  oxida t ion  tests were p r o t e c t i v e  i n  t h e  sense  
t h a t  none o f  t h e  samples c o n t i n u a l l y  l o s t  weight.  
e x c e l l e n t  r e s i s t a n c e  t o  ox ida t ion ,  a zero  weight ga in  could r e s u l t  from a 
f o r t u t i o u s  balance between weight ga in  due t o  r e a c t i o n  wi th  oxygen and weight 
l o s s  due t o  t h e  l o s s  o f  ox ide  s c a l e  by s p a l l a t i o n .  

Apparently a l l  of t h e  

Ins t ead  o f  i n d i c a t i n g  

The r e s u l t s  ob ta ined  from t h e  oxida t ion  of  t h e  c a s t  rods  were probably 
too  i n s e n s i t i v e  f o r  our  purposes.  A 2 MU t h i c k  oxide f i l m  on t h e s e  rod 
samples would r e s u l t  i n  an extremely small e f f e c t  based on a weight- loss  
c r i t e r i o n .  This  same r e s u l t ,  however, would be extremely s i g n i f i c a n t  i f  i t  
occurred on a 6.5 m t h i c k  s p u t t e r e d  f i l m  while  e l e c t r i c a l  r e s i s t a n c e  
mesurements were being made. 

I f  t h e  only  problem wi th  t h e  FeCrAl a l l o y  i s  simply ox ida t ion ,  a success-  
f u l  s o l u t i o n  might be t o  f ind  a s u i t a b l e  p r o t e c t i v e  overcoat  t o  seal  t h e  
s u r f a c e s  from ox ida t ion .  
d i scont inued ,  i t  would be u s e f u l  t o  determine i f  t h i s  a l l o y  even uncoated 
might no t  be  u s e f u l  t o  s a t i s f y  s t a t i c  s t r a i n  measurement needs a t  o t h e r  
temperatures  below 1250 K. 

Although e f f o r t s  t o  develop t h i s  a l l o y  have been 

6.2  P d C r  Type Alloya 

I f  no m e t a l l u r g i c a l  changes t ake  p lace  i n  an a l l o y  as t h e  temperature  i s  
changed, t hen  t h e  response of  t h e  e l e c t r i c a l  r e s i s t i v i t y  t o  changes i n  temper-  
a t u r e  should be  l i n e a r .  The inc reas ing  thermal a g i t a t i o n  o f  t h e  atoms as t h e  
material  i s  heated and t h e  consequent s c a t t e r i n g  o f  any e l e c t r o n s  d r i f t i n g  
throughout t h e  l a t t i c e  should cause t h e  measured r e s i s t i v i t y  t o  i n c r e a s e  i n  
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direct proportion to the absolute temperature. In the case of Pd-13Cr (in Wt. 
percent), this linear behavior was seen in both the drop cast and splat cooled 
samples, figures 5.3.1 and 5.3.13, respectively. 

These results indicate that Pd-13Cr is a very stable alloy in which the 
Cr is retained in solid solution over this full range of temperatures. 
Provided that there are no other effects to modify its resistance, such as the 
loss of some material by oxidation, this alloy would not be expected to show 
any appreciable drift in electrical resistance with time. More obvious non- 
linear breaks in similar curves for alloys containing higher concentrations of 
Cr indicate that ordering or clustering reactions are occurring and that these 
alloys have a greater potential to have electrical drift problems at some 
intermediate temperatures. 

Although the metallurgical stability of the Pd-Cr alloy appears to be 
satisfactory, its thermal coefficient of resistance is too high to meet our 
coefficient goals and some form of thermal compensation will have to be 
developed and demonstrated in a later task of this program. 

The lower curve of figure 5.4.6 suggests that the gage factor of the Pd- 
13Cr alloy is erratic and varies with strain. 
conclusion, the data more likely is reflecting the fact that this sample is 
not straining uniformly. Prior to testing, this sample had been annealed for 
2 hr. at 1470 K which produced large grains in the material. The typical 
grain size was of the order .03 cm. Because the strain gages were of similar 
size, .03 x .05 cm, the data is probably reflecting the different behaviors of 
several different grains which have different crystallographic orientations to 
the axis of loading. The gage factors of sputtered Pd-13Cr films will be more 
fully examined in Task 8 of this program. 

This is probably an incorrect 

The stress-strain curves shown in figure 5.4.5 suggest that the elastic 
modulus of the Pd-13Cr alloy, the slope of the initial elastic portion of 
these curves, has been significantly reduced by increasing the temperature 
from 1100 K to 1250 K. This is probably incorrect. Because the strain 
measurements at 1250 K were deduced from deflectometer measurements of cross- 
head motion, the measurements at 1250 K include the compliance of other 
loading components in addition to that of the sample. 
elastic slope of the 1250 K data should be almost indistinguishable from that 
at 1100 K. 
elastic limit at 1250 K must be well under 2000 microstrain. We believe that 
it would be preferable for our application if the strain gage alloy was not 
required to flow plastically during use. 

On this scale, the 

Given the yield stress at 1250 K shown in figure 5.4.5, the 
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i n i t i a t i o n  and e x t e n t  of p l a s t i c  flow i n  a s p u t t e r e d  f o i l .  I f  i t  were neces- 
s a r y  o r  d e s i r a b l e  t o  a l s o  encase t h e  top  s u r f a c e  o f  t h e  s p u t t e r e d  f o i l  w i t h  a 
nonduc t i l e  ceramic, t h i s  would probably a l s o  f u r t h e r  reduce t h e  ease with 
which p l a s t i c  flow could be i n i t i a t e d  i n  t h e  a l l o y .  The a c t u a l  e f f e c t  o f  
t h e s e  f a c t o r s  on t h e  p r o p e r t i e s  of t h e  spu t t e red  f o i l  w i l l  be determined i n  a 
subsequent t a s k  of  t h e  program. 
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7.0 SUMHARY AND CONCLUSIONS 

Results are presented for the first two tasks in a contract to develop 
resistive strain gage systems for use up to 1250 K on blades and vanes in gas 
turbine engines under test. The objective of  these two tasks was to further 
improve and evaluate two static strain gage alloys identified as candidates in 
a previous program. Improved compositions were not found for either alloy. 
Further efforts on the Fe-11.9A1-10.6Cr weight percent alloy were discontinued 
because of time dependent drift problems at 1250 K in air. When produced as a 
6 . 5  micrometer thick sputtered film, the Pd-13Cr weight percent alloy is not 
sufficiently stable for this use in air at 1250 K and a protective overcoat 
system will need to be developed. 

below: 

1. 

2. 

3. 

4 .  

5. 

6. 

The major conclusions and accomplishments from this work are listed 

Weight loss experiments to measure the effects of minor additions of 
Hf, Zr, Sc, and Y on the oxidation reistance at 1250 K of an alloy of 
nominal composition Fe-10.6Cr-11.9Al in weight percent did not result 
in the identification of any improved alloy candidates. 

Major changes in the shapes of  the resistance versus temperature 
curves of the Fe-10.6Cr-11.9Cr alloy can result from changes in 
composition of as little as 1 to 2 percent. 

Thermal soaking of the Fe-10.6Cr-11.9Al alloy in air at 1250 K 
resulted in changes in the resistivity versus temperature curves. 
The total change in resistance from RT to 1250 K increased from 1.5 
percent to 3.3 percent after soaking for a total of 105 hrs at 1250 
K. 
observations. 

Further work on this alloy was discontinued as a result of these 

Samples of both types of alloys were prepared by arc melting on a 
cold hearth and then drop casting into fused silica tubes. 
Additional samples of the Pd-13Cr alloy were also evaluated after 
preparation by splat cooling and by sputtering. 

Metallographic examinations and estimates were made of the 
solubilities of Er, Hf, Gd, La, Ni, Re, Ta, Co, Y, Mo and W in an 
alloy with the nominal composition of Pd-l3Cr, in weight percent. 

The Pd-13Cr alloy forms an adherent, self-protective scale of Cr,O, 
which effectively prevents further oxidation of the Cr in solid 
solution at 1250 K in air when the alloy is prepared as a 460 micro- 
meter thick foil by drop casting and grinding. The protection from 

PREX=E1)I.NG PACE BLANK NOT FlLMED 
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this scale is thickness dependent and, when the alloy is prepared as 
a 6.5 micrometer thick sputtered film, the amount of oxidation attack 
was too extensive to meet the goals of this program. 

7. Sputtered films of the Pd-13Cr alloy can be completely recrystallized 
by heating to 1370 K for at least 2 hr. in a very pure argon atmos- 
phere. This treatment should increase its fracture strain and its 
resistance to internal oxidation. 

8.  A sealed overcoat system must be developed in subsequent tasks of 
this contract in order to permit a sputtered thin film of Pd-13Cr to 
successfully meet the program goals. 

The average thermal expansion of Pd-13Cr from room temperature to 
1250 K is 14.6 x 10-6/K which is a good match with nickel-base super- 
alloys. 

9. 

10. The 0.02 percent yield strength of drop cast and annealed Pd-13Cr 
decreases from 1.10 x lo3 MPa at room temperature to 12 x lo3 MPa at 
1250 K. The elastic limit at 1250 K is approximately 500 micro- 
strain. This limit may be appreciably greater when the alloy is 
prepared as a sputtered film on a sputtered alumina insulation 
layer. 

11. The room temperature gage factor of the Pd-13Cr alloy is about 1.8 
within the elastic range which extends to approximately 5000 micro- 
strain. 

12. Because of the high thermal coefficient of resistance of Pd-l3Cr, a 
thermal compensation system will need to be developed in subsequent 
tasks of the program. 
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TABLE 5 .1 .1  - OXIDATION RESULTS FOR FeCrAl ALLOYS 

Rank Composition Alloy Weight Gain (mg/cm2> 
2 Hrs 12 Hrs 26 Hrs 50 Hrs 

1 Fe-11.9A1-10.6Cr 

2 Fe-11.9A1-10.6Cr-0.5Co 

3 Fe-24A1-7Cr 
1 

1 .08 .05 .06 .07 

7 .05 .oo .06 .12 

5 .10 .09 .14 .14 

4 Fe-ll.9A1-10.6Cr-0.2Se 13 .07 .07 .12 .19 

6 .03 .10 .17 .19 I 5 Fe-11.9A1-10.6Cr-O.lY 

I 

6 Fe-11.9A1-10.6Cr-0.05Sc 12 .06 .06 .14 .20 

7 Fe-11.9A1-10.6Cr preoxidized 2 .01 .06 .10 .2 1 
~ 

8 Fe-11.9A1-10.6Cr-O.lZr 8 .05 .13 .17 .22 

9 Fe-11.9A1-10.5Cr-0.25Hf 11 .08 .14 .17 .25 

10 Fe-11.9A1-10.6Cr-0.25Zr 9 .17 .22 .31 .36 

11 Fe-11.9A1-10.6Cr-0.1Y-O.25Hf 10 .14 .24 .33 .4 1 

12 Fe-38Ni-20Cr-4Al 3 .03 .21 .38 .51 

Fe-20Cr-17Al 4 Lost during testing - No data 



S amp 1 es 

PdCr-1 
PdCr-2 
PdCr-3 
PdCr-4 
PdCr-5 
PdCr-6 
PdCr-7 
PdCr-8 
PdCr-9 
PdCr- 10 
PdCr-11 
PdCr- 12 
PdCr-13 
PdCr- 14 
PdCr-15 
PdCr-16 
PdCr-17 
PdCr-18 
PdCr-19 
PdCr-20 
PdCr-21 
PdCr-22 
PdCr-23 
PdCr-24 
PdCr-25 
PdCr-26 
PdCr-27 
PdCr-28 
PdCr-29 
PdCr-30 
PdCr-3 1 
PdCr-32 
PdCr-33 
PdCr-34 
PdCr-35 

TABLE 5 .1 .2  - RESULTS OF PdCr TYPE ALLOY SOLUBILITY STUDY 

(After Repeated Arc-Meltings) 

Composition (wt%> 

Pd-16Cr-7Gd 
Pd-16Cr-1OGd 
Pd-16Cr-7Er 
Pd-16Cr-1OEr 
Pd-16Cr-8La 
Pd-16Cr-11La 
Pd-16Cr-5Ni 
Pd - 1 6C r - 8N i 
Pd-16Cr-5Re 
Pd- 16Cr-3Ta 
Pd-16Cr-6Y 
Pd-13Cr 
Pd- 18Cr 
Pd- 2 2Cr 
Pd-16Cr-6Ta 
Pd-16Cr-1ONi 
Pd- 16Cr-8Co 
Pd-7Cr-3Gd 
Pd-7Cr-3Er 
Pd-7Cr-3La 
Pd-16Cr-5Mo 
Pd-16Cr-1OMo 
Pd-16Cr-6Mo-3Ta 
Pd-16Cr-6Mo-3Ni 
Pd-18Cr-6Mo 
Pd-16Cr-5W 
Pd-16Cr-1OW 
Pd- 16Cr- 6W-3Ta 
Pd-16Cr-6W-3Ni 
Pd-18Cr-6W 
Pd-16Cr-7Ta 
Pd-16Cr-12Ta 
Pd-18Cr-12Ta 
Pd-16Cr-4Re 
Pd- 2 OCr 

Comments** 

Second phase, approx. 8 v/o 
Second phase, approx. 8 v/o 
Second phase, approx. 10 vfo 
Second phase, approx. 10 v/o 
Second phase, approx. 40 v/o 
Second phase, approx. 40 v/o 
Apparently single phase (lOOOX> 
Apparently single phase (lO0OX) 
Second phase, approx. 5 v/o 
Apparently single phase (lOOOX) 
Second phase, approx. 5 vfo 
Apparently single phase (lO0OX) 
Apparently single phase (lO0OX) 
Apparently single phase (lO0OX) 
Apparently single phase (lO0OX) 
Apparently single phase (lOOOX> 
Apparently single phase (lOOOX> 
Two phase, eutectic 
Small eutectic present, approx. 1.5 v/o 
Two phase 
Apparently single phase and over etched 
Apparently single phase and over etched 
Apparently single phase and over etched 
Apparently single phase and over etched 
Apparently single phase and over etched 
Apparently single phase and over etched 
Apparently single phase and over etched 
Apparently single phase and over etched 
Apparently single phase and over etched 
Apparently single phase and over etched 
Probably single phase 
May be single phase 
Looks single phase but with "holes" 
Second phase, approx. 5 vfo 
Apparently single phase 

*Standard Heat Treatment = 2 hrs at 1470 K, cool in 1 hr to 1270 K, cool to 
770 K at approx. 25 K/hr in argon; samples held in individual alumina tubes 
wrapped in molybdenum foil 

*%tchant - (15) HCL + (75) Methanol, 10V-DC for 30 sec, rinse in alcohol 



TABLE 5.1.3 - OXIDAT1010 OF CAST PdCr TYPE ALLOYS 

I (50 hrs in Static Air at 1250 K)* 

Alloy Total Ut. Gain, QW/Area (mg/cm') 
Composition (wt%) .25 hr 1 hr 4 hr 12 hr 26 hr 50 hr I ----- Sample $ 

I PdCr-8-Ox Pd-16CR-8Ni .10 .06 .14 .13 .33 .38 

t PdCr-1 0-Ox Pd-16Cr-3Ta .15 .12 .18 .24 .46 .53 
1 

PdCr-12-Ox Pd- 13Cr .ll .08 .14 .23 .3 1 .34 

PdCr-13-Ox Pd-l8Cr e12 e 0 9  -17 .24 .39 .47 

PdCr-15-Ox Pd-16Cr-6Ta .19 .18 .24 .35 .56 .6 0 

PdCr-3 5-Ox Pd-20Cr .ll .10 .15 .21 .39 .46 

PdCr-36 -Ox Pd-16Cr-6Mo .22 .20 .29 .41 .68 .88 

*Pretest heat treatment - 2 hrs in argon at 1470 K, samples held in individual 
alumina tubes, wrapped in tantalum foils 
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Temp. 
(K) 

300 
375 
450 
525 
600 
650 
675 
7 00 
7 25 
7 50 
825 
900 
975 
1050 
1125 
1200 
1225 
1250 

TABLE 5.3.2 - HEATING AND COOLING BEPRODUCIBILITY 
OF Pd-13Cr (Wt X )  

(Sample PdCr-12-2, SOK/min) 

Avg. AR/R S t d .  Dev. 
(HeathCool) ( & / R )  

.000019 .000035 

.012708 .000225 

.024873 .OOO 16 7 

.037336 .000129 

.050246 .000134 

.O 5 903 2 .000149 

.063434 .000173 

.06786 7 .000194 

.072294 .000243 

.076717 .000310 

.089293 .000117 

.lo1574 .000104 
,113633 .00007 1 
.125677 .000061 
.137862 .00006 1 
.150142 .000065 
.15423 1 .000063 
.158431 .000043 

Avg. S t d .  Dev. = .000130 
Runs rezeroed between cyc les  

Cycle #2 
Heat Cool 

-9 22 
102 -92 
66 -86 
83 -41 
74 -49 
79 -66 
102 -76 
107 -69 
137 -110 
152 -149 
60 -58 
51 -42 
46 -26 
40 -29 
35 -18 
41 -28 
27 -17 
30 

-- 
Cycle #3 

Heat Cool 

-9 8 
96 -146 
67 -97 
45 -75 
54 -76 
66 -88 
65 -94 
87 -104 
103 -131 
146 -154 
37 -62 
42 -62 
30 -25 
37 -18 
20 -26 
40 -23 
29 -16 

-- 

-16 

Difference i n  apparent s t ra in  i n  microstrain 
from avg. ( G . F .  = 2.0) 

Cycle #4 Cycle #5 
Heat 

-9 
98 
51 
20 
33 
42 
54 
58 
96 
123 
47 
12 
-4 
-10 
37 
0 
19 

-15 

- cool 

-20 
-126 
-92 
-73 
-80 
-58 
-91 
-118 
-106 
-143 
-54 
-51 
-42 
-34 
-48 
-4 1 
-53 

- Heat Cool -- 
-9 29 
108 -29 
108 -18 
77 -35 
78 -35 
85 -60 
95 -54 
101 -62 
117 -105 
158 -133 
71 -40 
74 -25 
45 -24 
30 -16 
11 -10 
30 -19 
33 -21 
1 



TABLE 5.3.3 - HEATING AND COOLING REPRODUCIBILITY 
OF Pd-22Cr (Ut X )  

(Sample PdCr-14-2, 5 0 K h i n )  

Difference i n  apparent  s t r a i n  i n  m i c r o s t r a i n  
from avg. (G.F. 2.0) 

Temp. Avg. AR/R Std.  Dev. Cycle #2 Cycle #3 Cycle #4 Cycle #5 
(K) (Heat&Cool) (&/It) Heat Cool Heat Cool Heat Cool Heat Cool -------- 
300 
375 
450 
5 25 
600 
6 50 
675 
7 00 
7 25 
7 50 
825 
900 
975 

1050 
1125 
1200 
1225 
1250 

.000069 

.009796 

.O 18649 

.027376 

.036051 
,041975 
.045020 
.048089 
.051194 
.054344 
.0636 52 
.073599 
.083423 
.093139 
.lo2987 
.112722 
.116051 
.119287 

,000078 
.000035 
.00006 1 
.000065 
.000062 
.000065 
.000054 
.000056 
.000035 
.000053 
.OOO 186 
.00006 8 
.000034 
.000032 
.000034 
.000039 
.000054 
,000016 

-34 22 -34 19 -34 
-2 1 -4 -4 -24 8 

5 -48 20 ' -40 27 
6 -43 -0 -40 27 

-30 -24 -31 -18 8 
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TABLE 5 .4 .2  - CEIEMICAL ANALYSIS OF ARC-MELTED Pd-13Cr (Wt %) 

( D r o p - C a r t  in Quartz Tube) 

E 1 ement 

Pal 1 ad ium 
Ch r omi um 
Carbon 
Iron 
Silicon 
Nickel 
Vanadium 
Copper 
Platinum 
Gold 
Rhodium 
Niobium 
Tungsten 

Weight (%) 

88.6 
13.3 
0.005 
0.020 
0.005 
0.005 
0.002 
0.002 
0.100 
0.002 

<o .001 
<0.001 
<o .010 
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/--- 

COLD COPPER 

Figure 4.1.1. Tri-arc melter showing position of splat cooling Ram and 
drop-casting tube. 

07- 7 -  26 - 1 



0.127 
(0.005) 

14.0 ~ 

(0.55) 
0.76 

(0.03) 

c 

45 
(1.78) 

2.8 - 
(0.1 1) 

t 12.7 

(0.50) 

4.1 
(0.16) 

t 
12.7 

(0.50) 

t 
1 

ALL DIMENSIONS IN mm (inches) 

Figure 4.1.2. Configuration of sputtered strain gage. 
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Figure 4.2.1. High speed thermal cycle resistance measurement apparatus. 
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Figure 5.2.1. Compositional variations in rods drop cast for resistivity 
measurements. 
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Figure 5.2.2. Changes in resistance vs temperature of drop cast FeCrAl 
mod #3 rods. 
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Figure 5.2.3. Change in resistance vs temperature of FeCrAl Mod #3 after 
different soak times at 1250 K. 

07 - 7-  26 - 6 



h 

E 
U 

W 

a 
v 

s a r 
0 
W 
0 
2 
I- 
v) 
W 
U 

a 
v, 

300 400 500 600 700 800 900 1000 1100 1200 1300 

TEMPERATURE (K) 

Figure 5.3.1. Change in resistance vs temperature of Pd-13 wt% Cr at 
50 and 250 Wmin. 
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Figure 5.3.3. Change in resistance vs temperature of PdCr alloys at 
50 Wmin. 
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Figure 5.3.4. Change in resistance vs temperature of Pd-18Cr-8Ta (wt%). 
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Figure 5.3.5. Change in resistance vs temperature of Pd-16Cr-8Ni (wt%). 
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Figure 5.3.6. Change in resistance vs temperature of Pd-l6Cr-1 ONi (wt%). 
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Figure 5.3.9. Resistance drift of PdCr alloys in argon at 1250 K. 
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Figure 5.3.10. Resistance drift of PdCr alloys in air at 1250 K. 
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Figure 5.3.1 1. Elemental composition profiles at the surface of Pd-l3Cr (wt%) 
sample after 40 hours in air at 1250 K. 
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Figure 5.3.12. View of oxide surface film on Pd-l3Cr (wto!). 
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Figure 5.3.13. Change in resistance vs temperature at 50 Wmin in argon of 
splat cast foil Pd-13 w/o Cr (wt%). 
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Figure 5.3.14. Drift in resistance at 1250 K for 50 hours in air of splat cast foil 
Pd-l3Cr (wt%). 
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Figure 5.4.1. Thermal expansion of Pd-l3Cr (wt%) in argon. 
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Figure 5.4.2. Coefficient of thermal expansion of Pd-l3Cr (wtyo) in argon. 
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Figure 5.4.3. Strength vs temperature of drop cast Pd-l3Cr (wt%). 
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Figure 5.4.5. High temperature stress-strain curves of drop cast Pd-13Cr (wt%). 
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Figure 5.4.6. Variation of resistance and stress with strain at room temperature 
in Pd-l3Cr (wt%). 
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Figure 5.4.7. Effect of strain rate on the gage factor at room temperature 
of Pd-l3Cr (wt%). 
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Figure 5.5.1. As-sputtered Pd-13Cr (wt%) on coated Hast-X. 
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Figure 5.5.2. Holes in sputtered PdCr films after recrystallization. 
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Figure 5.5.3. Edge protrusions on PdCr grid after oxidation of 0.5pm AI overcoat 
(sample HX-5). 
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Figure 5.6.1. Resistance vs temperature for sputtered Pd-l3Cr (wt%) pretreated 
10 hrs in air at 1370 K. 
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Figure 5.6.2. Change in resistance vs temperature at 50 Wmin in air Pd-l3Cr (wt%) 
after pretreated 1250 K 10 hrs in air. 
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Figure 5.6.3. Effect of sample thickness on drift in resistance of Pd-l3Cr (wt%) 
in air at 1250 K. 
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